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Abstract: Historically, infant-parent synchrony has been measured
using methods that provide a global assessment of interpersonal
synchrony, representing the quality of dyadic interactions. These
approaches have illuminated much about synchrony as a broad

construct but lack granular details on the temporal dynamics of these

interactions. This Element introduces technologically advanced

methods for assessing brain and behavior that can offer detailed

insights into the dynamic temporal structure of infant-parent social

exchanges. These advancements will significantly enhance our

understanding of the bidirectional processes that underpin early

emerging dyadic exchanges and how these vary across time and

context.
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Behavioral and Brain Synchrony in Infants, Parents 1

1 Introduction

Humans are inherently social beings who rely on affiliation for well-being and
survival. Developing well-synchronized interpersonal relations is one way to
facilitate social affiliation (Feldman, 2012). Dyadic interpersonal synchrony
refers to the dynamic, reciprocal, temporal coordination of actions, thoughts,
emotion, and physiology between two partners (Feldman, 2007). Synchronized
interactions are built through mutual regulatory, bidirectional processes, where
both members of the dyad play a role in shaping the interaction. Achieving
dyadic synchrony allows both partners to move flexibly into and between
coordinated states. Interpersonal synchrony is observed in infant-parent dyads
from the early months of life and plays a key role in developmental outcomes
(Feldman et al., 1996; Golds et al., 2022; Kellerman et al., 2020). In later years,
interpersonal synchrony is fundamental to effective social exchange, facilitates
cooperation, and is an essential component of social-cognitive functioning
(Hove & Risen, 2009; Koehne et al., 2016; Valdesolo et al., 2010).

When studying interpersonal synchrony, it is critical for researchers to be
clear about the type of synchrony that is under investigation. Dyadic interper-
sonal synchrony is a complex phenomenon that can be measured in many
different ways, including through verbal and nonverbal communicative and
emotional behaviors (e.g., talking, pointing, smiling, looking), movement pat-
terns (e.g., direction and speed of motor behaviors), physiological measures
(e.g., heart rate, respiration, cortisol, oxytocin), and patterns of neural activation
(i.e., typically measured using fNIRS, EEG, MEG, fMRI). The focus of this
Element is on methods that assess interpersonal synchrony through verbal and
nonverbal behavior, movement patterns, and patterns of cortical activation. For
more information on interpersonal synchrony as explored through rhythmic,
coordinated physiologic responses, reviews are available (Bell, 2020;
DePasquale, 2020; Feldman, 2007).

How one measures interpersonal synchrony is guided by the synchrony-
related construct in which one is interested, and the behaviors that best exem-
plify that construct. Early in the first year, dyadic synchrony is observed in
shared emotional states, joint attention, and temporally aligned movement
patterns (Nguyen et al., 2020; Piazza et al., 2020). Synchrony is also observed
in coordinated brain activity between social partners (Nguyen et al., 2020;
Piazza et al., 2020). As social interactions become more varied and diverse
during infancy, the manifestation of dyadic synchrony also evolves. These
coordinated interactions between infants and their caregivers help infants
form attachments, develop social skills, and provide opportunities to share
knowledge (Feldman, 2007). Hence, it is critical to that we understand the
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2 Research Methods for Developmental Science

intricacies of interpersonal synchrony from multiple perspectives. To do so
requires a clear understanding of the methods that we use to test our research
questions. With advances in technology, the techniques available to researchers
to assess interpersonal synchrony in multiple modalities are rapidly changing.

Our overarching goal is to promote methods that allow us to better understand
the origins and development of dyadic interpersonal synchrony as a bidirectional
process that emerges within the many different contexts in which infants, parents,
and caretakers interact. This Element begins by discussing traditional approaches
to the assessment of infant-parent synchrony, which rely primarily on person-
coded assessments of verbal and nonverbal behavior. Next, we introduce more
contemporary approaches that incorporate technologically advanced methods for
the automated coding of movement data. We will then discuss hyperscanning,
focusing primarily on the use of functional near-infrared spectroscopy (fNIRS).
Hyperscanning is a neuroimaging technique that measures neural activity in two
or more individuals simultaneously during interactions. Hyperscanning is crucial
for uncovering the neural underpinnings of interpersonal synchrony because it
captures the dynamic and reciprocal nature of social interactions which cannot be
fully understood by a traditional single-brain approach, in which the individual
brain is studied in isolation.

We will discuss approaches that incorporate measures of behavior and brain
simultaneously, using the relation between behavioral responses, movement
patterns, and patterns of neural activation to understand the complex unfolding
of dyadic interactions during social exchange. These interactional patterns can
be measured in a number of dimensions, including when they occur, the strength
with which they occur, the frequency with which they occur, and the phase in
which they occur (e.g., who leads and who follows). Within this context, we will
introduce a new method for analyzing signals obtained from behavioral and
neural assessments that can provide more detailed information about the coord-
inated, dynamic temporal structure of infant-parent dyadic interactions. This
method allows us to uncover the different types of interactions that occur
between parents and their infants during different tasks. Together, these
advancements will shed light on the processes that support early emerging
social interactions and possible mechanisms for change in the quality and
quantity of these interpersonal exchanges.

Our focus is primarily on infancy and toddlerhood (i.e., 3 months of age to
3 years of age). However, there are sections of this Element where the literature
with this age group is sparse. Hence, we will turn to investigatory methods and
data analytic techniques implemented in early childhood (i.e., 3 years of age to
6 years of age), and with older children and adults to explain why it is advanta-
geous for developmental scientists to consider these alternatives.
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Behavioral and Brain Synchrony in Infants, Parents 3

Finally, most infant research investigating interpersonal synchrony has been
conducted with infant-mother dyads, largely because mothers are more access-
ible research participants than fathers or other caregivers. In studies that have
included fathers, some, but not all, have reported differences in the way that
mothers and fathers temporally coordinate with their infants (Azhari, Bizzego,
& Esposito, 2022; Feldman, 2007; Liu, Zhu et al., 2024; Lundy, 2023; Nguyen,
Schleihauf, Kungl et al., 2021). The extent to which mothers and fathers differ
in their dyadic interactions with their infants depends, at least in part, on how
synchrony is measured and the context in which it is measured. We will be
explicit when reporting findings from studies that included both mothers and
fathers and in which gender differences were obtained.

2 Behavioral Measures of Interpersonal Synchrony

There is a long-standing interest in the developmental sciences in identifying
the ways in which coordinated social interactions in infant-parent dyads are
established and maintained. In this section, we first present person-coded
measures of interpersonal synchrony, which have been used for many years in
the assessment of infant-mother interactions. Person-coded assessments, which
evaluate a broad range of verbal and nonverbal communicative and emotional
behaviors, are frequently taken during spontaneous, unstructured play. This
play context enables researchers to observe infant-parent interactions during
a context that closely mirrors their everyday experiences. However, assessment
can be done in more structured settings.

We then present more contemporary automated approaches to assessing
behavioral interactions that include (a) wearable technology, which typically
requires the use of specialized equipment in a lab setting, and (b) automatic
coding of behavior, which utilizes computational methods to estimate syn-
chronous behaviors in a video stream and is more flexible in the situations in
which can be used.

2.1 Person-coded Measures

The most widely used behavioral assessments for evaluating interpersonal
synchrony in infant-parent dyads rely on trained observers to code various
aspects of verbal and nonverbal behavior during a dyadic interaction (see
Table 1). These behaviors, often subtle and complex, are assigned numerical
values that are averaged to produce composite or global scores reflecting the
overall quality of the interaction. Person-coded measures typically include
monadic global scores, which assess the behaviors of the infant or parent
individually (e.g., infant engagement or parental sensitivity), as well as dyadic
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Table 1 Person-coded assessments of interpersonal synchrony

Type and Description Advantages Limitations Types of Research Questions

Global coding scales assess infant Well-established coding Time and resource intensive and ~ How do monadic traits influence
behaviors, parent behaviors, and schemes with good susceptible to observer bias. dyadic interactions? How do
dyadic coordination. Composite psychometric properties are Scores do not capture monadic and dyadic traits relate to
scores capture monadic available. Verbal and moment-to-moment changes developmental outcomes? How
constructs (e.g., maternal nonverbal behaviors are in dyadic interactions. do interpersonal constructs
sensitivity, infant initiative) and considered. Composite measured through behavioral
dyadic constructs (e.g., dyadic scores can be used as coding align with those assessed
reciprocity). predictor or outcome through other modalities? To what

variables. extent are individual and dyadic

characteristics causes or
consequences of other variables
(e.g., emotion regulation,

attachment)?

Micro-coding of infant and parent Captures moment-to-moment  Time and resource intensive and ~ How do specific behaviors or classes
behaviors includes frame-by- changes in monadic and susceptible to observer bias. of behaviors influence dyadic
frame analysis. The onset, offset, dyadic behaviors. synchrony? How are synchrony-
duration, and frequency of related behaviors related to
synchrony-related behaviors are developmental outcomes (e.g.,
coded. language development or

communicative behaviors)? What
is the relation between the timing
or onset of specific behaviors and
that of neural synchrony?

Note: Person-coded measures are applied to a previously acquired video stream.
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global scores, which evaluate the quality of the interaction between the two
(e.g., dyadic reciprocity or mutual adaptation).

Person-coded measures of interpersonal synchrony are most often imple-
mented by using a video-recorded session of the infant-parent interaction,
which is then later coded offline. Projects that implement person-coded meas-
ures typically use video recordings from a 4- to 11-minute naturalistic free play
task, although video recordings are sometimes obtained from tasks that are
more structured (such as periods of interaction during feeding, bedtime, bath
time), or during tasks of a direct experimental instruction (such as still-face
procedures) (Leclere et al., 2014). We recommend using person-coded assess-
ments during naturalistic free play interaction when the research question
pertains to spontaneous dyadic infant-parent behaviors that occur during
normal day-to-day interactions. Study designs that incorporate a naturalistic
free play interaction may maintain more ecological validity and the behavioral
findings may be more generalizable than would be for some structured research
designs. If the research question is dependent on the study of a specific behavior
(such as index-finger pointing) or situation (such as building a block tower), we
recommend that the researcher implement person-coded assessments of behav-
ior in a more structured study design to ensure that specific behavior or scenario
of interest is present in the data.

Person-coded behavioral assessments that generate global scores are well-
suited for statistical analyses that require a single score, or small set of scores, to
represent the quality of infant-parent synchrony during the entire social inter-
action. Some behavioral methods include options for micro-coding, which
provide detailed scores for specific behaviors observed over brief, targeted
time intervals. Although definitions of synchrony may vary across disciplines
and theoretical perspectives, within the developmental sciences synchrony is
typically characterized by mutuality or reciprocity between partners, rhythmic
and harmonious exchanges, and sustained engagement (for a review, see
Leclére et al., 2014). Finally, though interpersonal synchrony is related to
constructs such as parent sensitivity, interpersonal synchrony is a distinct con-
struct that highlights temporal aspects of dynamic social interaction.

2.1.1 Implementation of Person-coded Measures

The investigator should consider their research question and study design
(naturalistic vs. structured) when considering how best to record video data of
the experiment and implement the person-coded measures. Best practices for
offline coding of parent-infant synchrony include (but are not limited to) the
coder’s ability to clearly see the parent’s and infant’s facial expressions, hand
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6 Research Methods for Developmental Science

gestures, and any objects of joint attention (such as toys), as well as the coder’s
ability to clearly understand the parent’s words and the infant’s vocalizations.
To achieve the goal of full visibility, we recommend using multiple cameras
positioned at different angles. For example, it may be beneficial to have cameras
positioned to directly face the parent, the infant, and the dyad as a whole, as well
as having an overhead camera that is positioned to obtain a view of the dyad’s
hands and objects of interest.

For research studies that require participants to attend to an object of joint
attention, we advise that the participants be seated at a tabletop across from one
another, allowing for ease of communication and joint involvement with the
object. However, parents may be more comfortable playing on the floor than at
a table. Choice of seating arrangement and toys/objects used during the session
needs to be developmentally appropriate. For example, prior to about 7 months
infants are unable to sit unsupported, hence will require trunk support to have
their hands free during the task. Once infants gain the ability to sit independ-
ently, their reaching and object manipulation abilities improve (Bertenthal &
Clifton, 1998; Rochat & Goubet, 1995; Soska et al., 2010), leading to greater
mobility and object exploration skills. In comparison, older infants will not need
sitting support but may benefit from an arrangement that keeps them in
a location within camera view.

To increase ecological validity, researchers may choose to collect data in the
home of the participants rather than in the laboratory setting. This can be done
by bringing all necessary data collection tools (such as cameras, tripods, and any
specific toys or objects needed) to the participant’s home. The experimenter
may also allow the participants to interact with any of their own toys or
household items as they choose, rather than experimenter-chosen toys and
objects, as the presence of familiar items may provide a more accurate picture
of how the dyad interacts during their daily routines. Our team has had success
collecting free play data from a home setting using online video conferencing
software (Hammack et al., 2023). This method reduces the resources needed,
maintains a naturalistic play setting, and increases the ecological validity of the
experimental findings, as compared to researchers traveling to the participants’
home. There are some disadvantages of online video data collection techniques,
including attrition due to interruptions from other children or family members,
technical or internet problems, bad lighting, noisy environments, or procedural
problems (e.g., lack of a tabletop appropriately distanced from a camera).
However, the advantages of online video data collection, including increased
accessibility to a larger and more diverse group of participants in their natural
environment, may outweigh the limitations of online video data collection.
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Behavioral and Brain Synchrony in Infants, Parents 7

2.1.2 Global Coding of Dyadic Qualities

By using a global coding approach, nuances in behavior can be evaluated by
experienced coders, who evaluate a range of behaviors to obtain a global
measure of dyadic constructs assessed across the entirety of the interaction.
Global coding is well suited for the measurement of concepts such as reciprocity
or mutuality and reflects the overall quality of the interaction within the scoring
paradigm. This approach requires the coder to consider the wide context of the
interaction when rating behaviors, which allows the investigator insights into
the infant-parent relationship that would not be possible through means of self-
report or the observation of the infant behavior alone.

Studies that use a dyadic approach to the study of infant-parent synchrony can
provide information about the dyadic relationship that cannot be deduced from
the coding of infant and parent behaviors individually. For example, mutually
responsive orientation is an established dyadic construct that cannot be meas-
ured by assessing responsiveness and positive affect of each social partner
individually (Aksan et al., 2006). Next, we will review popular measures that
include dyadic constructs for the investigation of parent-child interactions.

Measures of Reciprocity. One well-validated global coding measure, the
Coding Interactive Behavior scale (CIB; Feldman, 1998), uses a rating system
to assess dyadic reciprocity and dyadic negative states. In the CIB, dyadic
reciprocity indexes the degree of reciprocal turn-taking, adaptation to one
another’s emotional states and levels of interest and activity, and fluency of
the interaction. A global score of dyadic reciprocity is calculated as an average
score of three dyadic codes: dyadic reciprocity, dyadic adaptation-regulation,
and dyadic fluency. The dyadic negative states measure is calculated as an
average of two dyadic codes: dyadic constriction and dyadic tension. Other
global coding measures, such as the Qualitative Ratings for Parent-Child
Interaction scale (Owen et al., 1996), the Coding System for Mother-Child
Interactions (CMSCI; Healey et al., 2010), and the NCAT Feeding and Teaching
PCI scales (Keefe et al., 1996) assess similar dyadic constructs within the
context of infant-parent interactions.

Measures of Synchrony. Other global coding techniques consider child-
parent synchronous behaviors, whether it is the coder’s perception of synchron-
ous behaviors during interaction or the treatment of synchrony as a more global
concept without measure of the temporal dynamics (see Leclére et al., 2014 for
areview of coding techniques of infant-parent synchrony). The Bernieri’s Scale
(Bernieri et al., 1988), The Belsky Parent-Child Interaction Coding System
(Isabella & Belsky, 1991), and the Synchrony Global Coding System (Skuban
et al., 2006) measure the coder’s perception of synchronous behaviors during

Downloaded from https://www.cambridge.org/core. IP address: 10.1.240.33, on 01 Dec 2025 at 20:07:25, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009631174


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009631174
https://www.cambridge.org/core

8 Research Methods for Developmental Science

interaction. The Coding Scheme and The Rocissano and Yatchmink Taxonomy
require the coder to separate the interaction videos into several parts and rate
overall synchrony across each part of the session. The Maternal-Infant
Synchrony Scale assesses engagement during feeding interactions (Reyna
et al., 2012). Similarly, the Rating Scale of Interactional Style (RSIS;
Feldman et al., 1996), the Infant Caregiver Engagement (ICE) scale
(Weinberg et al., 1999), and the Behavior State Coding Scale (Field et al.,
1989) assess mutual synchrony as a global construct.

Measures of Mutuality. Some common global measures of dyadic infant-
parent behaviors include measures of mutuality, which describe the “coopera-
tive, smooth-flowing, and responsive nature of a parent and child engaging
together” (see Funamoto & Rinaldi, 2015, for a review of child-parent mutuality
coding schemes). Such measures of mutuality include The Parent-Child
Interaction System (PARCHISY; Deater-Deckard et al., 1997), The Mutually
Responsive Orientation Scale (MRO; Aksan et al., 2006), The Caregiver-Child
Affect, Responsiveness, and Engagement Scale (C-CARES; Tamis-LeMonda
et al., 2002), and the Synchrony and Control Coding Scheme (Mize & Pettit,
1997). These coding schemes cover several dyadic behaviors including com-
munication, reciprocity, and coordination.

Studies that use a global approach to investigate infant-parent synchrony reveal
a great deal about the factors that impact the early dynamic social relationship
developing between infants and their parents (see Golds et al., 2022 for a review).
For example, parental warmth and sensitivity is associated with higher levels of
synchrony (Longhi, 2009; Thompson & Trevathan, 2009). Global approaches
have also demonstrated that maternal mental health risk factors, such as depres-
sive symptoms (Coburn et al., 2015; Field et al., 1989), emotion dysregulation
(Lotzin et al., 2015), anxiety (Lemus et al., 2022; Moore et al., 2016), and
maternal stress (Coburn et al., 2015; Lemus et al., 2022) are associated with
lower levels of infant-parent synchrony. Additionally, studies using a global-
coding approach have demonstrated the lasting impact that early-emerging
infant-parent dyadic synchrony has on developmental outcomes. For example,
greater interpersonal synchrony in the first year is associated with better expres-
sive and receptive language skills (Kellerman et al., 2020), more symbolic play,
and enhanced performance on intelligence tests years later (Feldman et al., 1996;
Feldman & Greenbaum, 1997). In the social domain, studies using globally coded
measures of infant-parent and toddler-parent synchrony demonstrate that syn-
chrony is positively associated with better child self-regulation skills (see Davis
et al., 2017 for a meta-analysis on the topic), and globally rated child-parent
synchrony is predictive of child social skills and aggression in preschool-aged
children (see Pasiak & Menna, 2015 for a review).
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2.1.3 Micro-Coding of Interpersonal Synchrony

Micro-coding approaches are coding paradigms that allow trained coders to
evaluate instances of infant and parent behaviors during specific timepoints
during the interaction. By analyzing the time series of behavior from both social
partners, researchers have the ability to investigate the temporal dynamics of
infant-parent synchrony (i.e., how infant-parent synchrony changes throughout
the course of an interaction). The paradigm may require the coder to identify
both infant and parent instances independently, or instead to identify joint
behaviors exhibited by both partners in the dyad (de Graag et al., 2012;
Isabella et al., 1989). From either approach, a measure of interpersonal behav-
ioral synchrony can be obtained by extracting simultaneous, sequential, or
lagged behaviors (Feldman, 2007) that occur within the dyadic interaction
during a specified time frame. Synchrony can be observed across many different
behaviors. For example, researchers may choose to micro-code instances of
joint attention, affective states, vocalizations, or nonverbal communications
(Bizzego et al., 2022; Nguyen, Abney et al., 2021; Papoutselou et al., 2024;
Piazza et al., 2020). In fact, synchrony among caregiver—child interactions often
involves the coordination of intermodal behaviors. For example, mother-
initiated acts may often involve verbal language paired with instances of child
positive affect and gaze to mother. Distinct from constructs of imitation and
mimicry, infant-parent synchrony is thought of as an “intricate dance” between
social partners (Feldman, 2007) which can be operationalized through statistical
analysis of the micro-coded time series (see Leclére et al., 2014 for a review of
micro-coding approaches to study infant-parent synchrony).

Micro-coding of infant-parent synchronous behaviors is sometimes con-
ducted on a frame-by-frame basis, meaning that the coder investigates behav-
iors on each frame in the video to identify specific onsets and offsets of
behaviors as they occur. Sometimes researchers code behaviors in windows as
narrow as 0.01 second frames (Atzil et al., 2014), or in windows as broad as
three-second intervals (Doba et al., 2022). Although very narrow windows can
increase the temporal resolution of the collected data, this may also increase the
coding workload. The expected duration of the behavior of interest to the
research question will determine the interval used. When micro-coding frame-
by-frame, typically onsets are marked in the frame in which the specified
behavior begins, and offsets are marked in the frame in which the specified
behavior ends (Kellerman et al., 2020). Computerized coding systems, such as
Noldus (Wageningen, the Netherlands) and Datavyu (Datavyu Team, 2014),
can be used to assist in frame-by-frame micro-coding (e.g., Atzil et al., 2014;
Feldman et al., 2011; Harel et al., 2010; Hoch et al., 2021).
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Micro-coding approaches often result in frequency count scores for specific
infant and maternal behaviors, sometimes paired with assessment of proportions,
mean durations, latencies of time, and may include contingencies with other
behaviors (Gordon & Feldman, 2008; Gordon et al., 2010; Kellerman et al.,
2020). The Monadic Phase Manual has been used to cross-correlate infant and
mother time series to assess bidirectional influences of dyadic moment-to-moment
behaviors (Tronick & Cohn, 1989). Other approaches to micro-coding synchrony
include assessment of second-by-second correlation of behaviors (Ham &
Tronick, 2009; Karger, 1979; Moore & Calkins, 2004;), assessment of positive
lead-lags between two corresponding time series (Feldman, 2003), or assessment
of mean duration of synchronous behaviors (Atzil et al., 2014; Gratier, 2003).

Researchers have chosen different modalities of behavior to investigate as
indicators for synchrony when using a micro-coding approach to study of
infant-parent synchrony. For example, researchers have micro-coded instances
of gaze synchrony, affect synchrony, vocalization and speech synchrony, touch
synchrony, motor synchrony, and proximity synchrony (Atzil et al., 2014; Doba
et al., 2022; Feldman et al., 2011; Kellerman et al., 2020).

One can also consider more than one modality of behavior when calculating
a score for infant-parent synchrony. Considering various modalities of behavior
in one synchrony measure allows for the capture of instances in which one
partner initiates a synchronous moment in one modality of behavior, and the
other partner responds in a different modality of behavior. For example, syn-
chrony can be calculated by coding instances in which mothers coordinated
their social gaze and affectionate touch with instances of infant social gaze,
positive affect, and vocalizations (Atzil et al., 2014). As another example,
a different target behavior such as “look to face” can be used to assess the
extent to which target behaviors such as mother vocalizations were responded to
by the infant within three seconds (Kellerman et al., 2020).

It is common for a subset of the data, ranging from 10% to 25% (Atzil
et al., 2014; Doba et al., 2022; Feldman et al., 2011), to be micro-coded by
two independent coders for reliability purposes when implementing micro-
coding approaches. One may also consider reporting Cohen’s kappa values
for inter-rater reliability. Kappa values reported in the literature range from
0.77 (Doba et al., 2022) to 0.99 (Doba et al., 2022), which indicate
substantial agreement. Inter-rater reliability can also be reported with an
intraclass-correlation coefficient (ICC), with values in the literature
reported over 0.70 and averaging 0.88 (Kellerman et al., 2020).

In summary, micro-coding offers a more detailed and nuanced window into
the temporal patterns and complexities of infant-parent dyadic interactions.
Examples of how micro-coding can be used to investigate research questions

Downloaded from https://www.cambridge.org/core. IP address: 10.1.240.33, on 01 Dec 2025 at 20:07:25, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009631174


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009631174
https://www.cambridge.org/core

Behavioral and Brain Synchrony in Infants, Parents 11

about the infant-parent relationship, particularly in conjunction with hyperscan-
ning data, are found in Section 4.2.

2.1.4 Limitations of Person-coded Measures

There are some notable limitations one must consider when using person-coded
measures to assess dyadic characteristics of the infant-parent interaction. First,
behavioral coding is an extremely laborious and resource intensive process,
requiring several hours to code relatively short video interactions. Additionally,
a certain degree of subjectivity is inevitably introduced in the coding process.
To minimize the influence of coder biases, behavioral coding techniques are
often supplemented with detailed manuals defining the scoring of observable
behavior. Coders may also be required to engage in extensive training processes
to ensure high levels of inter-rater reliability. Although global coding tech-
niques may only require a numeric rating to be assigned when ranking behaviors
observed during a social interaction, we advise that coders take detailed notes
when coding and refer to corresponding timepoints to justify the score given.
This method helps to mediate disagreements between coders, maintain high
levels of consistency between sessions, and maintain high levels of reliability
between coders. Another limitation of global person-coded measures in par-
ticular is that they often lack the temporal information necessary for investigat-
ing dynamic moment-by-moment changes over the course of the interaction.

Although micro-coding techniques can mitigate this issue somewhat and
offer valuable temporal insights into infant-parent interactions, their subjective
nature necessitates the integration of additional objective, quantitative measures
of synchrony to fully capture the complex dynamics within this dyadic
exchange. Although definitions for interpersonal synchrony often encompass
coordination across lags in time (such as when one partner initiates behavior and
the social partner responds with another target behavior only moments after),
ameta-analysis on infant-parent synchrony determined that only 24-35% of the
relevant research articles defined lag or non-constrained lag (Provenzi et al.,
2018).

Currently, most studies in the developmental sciences have relied almost
exclusively on person-coded scoring systems. Thus, what the field is lacking are
objective, automated quantitative behavioral measures that provide information
about the temporal dynamics of infant-parent interactions and how this varies
across the course of an interaction and by context. One reason for this gap in
knowledge is that researchers in the developmental sciences have lacked meas-
urement tools necessary to automatically detect and quantify unique dyadic
interaction patterns. In the next section, we demonstrate how these “automatic”
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tools, originally developed for use with adults, can be applied to quantitatively
characterize the complex nature of infant-parent interaction patterns and to
systematically explore adaptations of the temporal structure of interactive
behaviors during infant-parent exchanges.

2.2 Automated Coding of Behavior

Due to the labor-intensive nature of person-coded methods of synchronization
(Pouw et al., 2020), the field has gradually been moving toward more techno-
logically driven, automated methods of synchrony measurement. There are two
main approaches. One approach involves the use of wearable technology and
the other depends on marker-less computational assessments (see Table 2).

2.2.1 Assessment of Movement Synchrony Using Wearable Technology

There are a wide range of modalities through which interpersonal synchroniza-
tion between infant-mother dyads can be assessed automatically by using
wearable sensors. Of particular interest in this section is movement synchron-
ization. Movement synchronization (sometimes referred to as interpersonal
coordination, joint action (Cuadros et al., 2021), interactional synchronization
(Dunbar et al., 2022) or nonverbal synchrony (Ramseyer & Tschacher, 2011) is
an optimal choice for automated assessment, both due to its ability to be
captured with relative ease and its ubiquitous nature. Movement synchroniza-
tion encapsulates movement matching, mirroring, and the “rhythmic coordin-
ation of behavioral patterns” (p. 204, Dunbar et al., 2022), such that it captures
both the behavior (movement) and the temporal structures that describe the
interrelatedness of said behaviors.

Wearable sensors offer valuable insight into movement synchrony between
infant and mother during a variety of social contexts. Several types of wearable
sensors are available and have successfully been used with infants to measure
both individual body movements and interpersonal, coordinated motion. For
example, wearable “smart jumpsuit” that contains several combination acceler-
ometer/gyroscope sensors at key locations can measure the infant’s posture and
motor movements, including inter-limb synchronization (Airaksinen et al.,
2020; Airaksinen et al., 2022). Other wearables include inertial sensors
(Franchak et al., 2024), which can be used to record long-form recordings of
infant body positioning, and actigraphs (Tsai et al., 2011), a type of accelerom-
eter that measures the speed and degree of body movement. Actigraphy can be
used to investigate maternal-infant circadian system synchronization, which are
representative of sleep-wake cycles (Tsai et al., 2011). Actigraphs are small,
noninvasive devices that can be worn on the wrist or ankle. Associations were
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Table 2 Computational approaches to assessing interpersonal synchrony in infant-parent dyads

Type and description Advantages Limitations Types of research questions

Wearable technology applied to ~ Allows for fine-grained analysis  Expensive, specialized How does the coordination
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user specified body parts.
Movement synchrony
calculated for specific body
parts or groups of body parts.

of coordinated body part
movements.

equipment required.
Technologically challenging
to implement.

Infants may not tolerate. Lab
setting typically required.

among different body parts
across partners contribute to
dyadic synchrony or
interaction quality? How does
the coordination of specific
body parts across partners
contribute to broader dyadic
constructs such as mutual
engagement or affective
attunement? What is the
relation between coordinated
movement patterns in infant-
parent dyads and the
engagement of cognitive or
social processes in infancy?
How are early coordinated
movement patterns between
infant and parent related to
later cognitive, social, or
communicative development?
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Table 2 (cont.)

Type and description Advantages Limitations Types of research questions

Frame differencing techniques Allows for fine-grained Susceptible to data loss for How do coordinated movement
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(e.g., motion energy analysis)
are applied to user defined
regions of interest (i.e., dyad 1
and dyad 2). Total-body
movement within the region
for each frame is calculated.
Movement synchrony
between two regions of
interest is computed.

Computer vision techniques

(e.g., pose estimation
methods) use machine
learning algorithms to identify
key points on body and track

movement analysis between
regions of interest. Open-
source software available.
Specialized hardware not
required.

Allows for fine-grained

movement analysis of specific
body parts. Open-source
software available.
Specialized hardware not

several reasons (e.g., unstable
lighting, video quality,
overlapping regions of
interest). Technologically
challenging to implement.
Unable to assess coordinated
movement in individual body
parts.

Technologically challenging to

implement. Machine learning
algorithms are different for
different sized bodies, hence
requires selective adaptation

patterns between infant and
parent relate to dyadic
constructs such as synchrony,
reciprocity, or mutual
engagement? Do coordinated
movement patterns in infant-
parent dyads reflect
engagement in specific
cognitive or social processes?
What is the relation between
movement synchrony and
synchrony assessed in other
modalities?

How does the coordination

among different body parts
across partners contribute to
dyadic synchrony or
interaction quality? How does
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body part movement across required. Allows flexibility in
frames. Movement synchrony selecting body parts of
calculated for specific body interest

parts or groups of body parts.

for infant and adult
participants.

the coordination of specific
body parts across partners
contribute to broader dyadic
constructs? What is the
relation between coordinated
movement patterns in infant-
parent dyads and engagement
in specific cognitive or social
processes? How are early
coordinated movement
patterns in infant-parent dyads
related to later cognitive,
social, or communicative
development?

Note: Automated-coding tools generate time-series data.
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identified between maternal and infant rhythms, of both activity and circadian
patterns, even accounting for data attrition; 37.8% of infant activity data was
excluded because the movement being experienced was not generated by the
infant independently, as indicated by a parent diary (i.e., riding in a swing or
a stroller, being held and swayed, etc.) (Tsai et al., 2011). Thus, wearable
sensors are capable of being employed in at-home settings with minimal
supervision, as opposed to requiring more structured lab settings, though they
may be subject to large amounts of “unknown” movement that may be misre-
ported due to human error.

Several groups have had marked success employing optoelectronic wearables
with infants as young as 4 months in more controlled laboratory-based settings
(Cuadros et al., 2019; Egmose et al., 2017; Cuadros et al., 2020). In these setups,
infants wear bodysuits and hats that can be embedded with reflective infrared
markers at the head, wrists, elbows, upper back, and shoulders. Adults wear
identical markers, attached to their clothes using Velcro. A specialized infrared
camera system then locates the markers and tracks them through three-
dimensional space, providing the user with a measurement of “translational
kinetic energy” that represents movement, which can then be assessed for indices
of interpersonal coordination, including synchronous movement. For example,
motion capture can be used to examine the ratios of total movement in infant-
mother dyads, including total infant activity, total maternal activity, total simul-
taneous movement, and total simultaneous “silence” (periods where infant and
mother were both still) for different body regions (head, upper-body, and arms)
(Egmose et al., 2017). These scores were calculated as the percentage of time
spent in the movement type divided by the total amount of time recorded. They
examined associations between these different types of movement synchrony and
person-coded interaction quality variables in 4-month-olds infant-mother dyads
and identified strong positive associations with movement silence and maternal
sensitivity dyadic reciprocity, particularly for arm motions (Egmose et al., 2017).

Other studies using wearable sensors have explored spontaneous movement
synchronization with strangers (Cuadros et al., 2019; Cuadros et al., 2020) as
opposed to mothers or other familiar adults. Stranger-infant synchrony was
examined during storybook reading with 14-month-olds, where a trained
experimenter read a storybook aloud to an infant (Cuadros et al., 2019). Both
adult and infant were fitted with MoCap markers; the infant wore a sweater and
hat that held the markers (two on the back, one on each elbow, and three on the
head). A follow up study with 14-month-olds employed the same methodology
to determine if there were differences in stranger-infant synchrony that were
dependent on whether the synchronization was spontaneous or not (Cuadros
et al., 2020). In both of these studies, the sensors on the back were averaged
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together to form a single time series of position for each participant. Findings
from these studies demonstrated that infants in the spontaneous (storybook)
setting synchronize their movements to the unfamiliar adult in a mirror-like
way — that is, they move the same direction as an adult did (i.e., if the adult
moves to their left, the infant moves to their right).

It is also possible to examine the temporal structure of movement synchrony
using wearable sensors with an infant population. Two types of ratio scores can
be calculated: (1) “coactive onset ratios,” defined as “the percentage of (partner
A’s) movements which occur (a) while (partner B) is moving and (b) within 1.5s
after the onset of (partner B) movement” (p. 7, Egmose et al., 2017), and (2)
“alternating onset ratios,” defined as “the percentage of (partner A’s) move-
ments which occur (a) while (partner B) is not moving and (b) within 1.5s after
(partner B) movement offset” (p. 7, Egmose et al., 2017). Egmose et al. (2017)
differentiate these two scores from a theoretical perspective, suggesting that the
alternating onset ratio is representative of turn-taking (i.e., where one person
begins moving while the other is still, waiting for their turn to engage) and that
the coactive onset ratio is representative of “simultaneous activity” (i.e., where
one partner begins moving and that incites the other partner to “join in”). Their
findings indicated that for infants at 4 and 13 months, maternal coactive and
alternating motion were related to lower levels of dyadic negative states and
infant negative affect, but infant coactive and alternating motion ratios were not
related to any interaction qualities. These findings suggest that the temporal
dynamics of movement synchronization contain meaningful information that
helps to discriminate between adaptive and maladaptive interactions, thus
suggesting it could be an important feature of infant-mother interaction that
should be considered.

Aggregated cross-correlation curves have been used to examine the timing of
synchronization during storybook reading (Cuadros et al., 2019). The authors
examined cross-correlations between the obtained movement time series for
adult and infant using time-lags between —1.5 s and 1.5 s, with O s representing
simultaneous movement. Negative lag-times were set to represent infant-
leading movements (where the infant moved, followed by the adult) and
positive lag-times were representative of infant-following movements (where
the adult moved, followed by the infant). Two significant correlation peaks were
observed in the aggregated cross-correlation curves: one at —0.4 s, with
a negative correlation value indicating anatomical coordination (e.g., when
the pair is facing each other and the infant moves to their right, the adult also
moves to their right — an “opposite” movement — occurring 0.4 s after the
infant’s movement), and one at 0.9 s, with a positive correlation value indicating
mirror-like coordination (i.e., when the pair is facing each other and the adult
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moves to their left, the infant moves to their right — a “mirrored” movement —
occurring 0.9 s after the adult movement). One could also examine the time-lag
of movement synchronization using a wider time-lag window (2 s to 2 s)
(Cuadros et al., 2020). Time-lag data for movement synchronization revealed
that infants displayed two peaks in the aggregated cross-correlation curves
during the spontaneous synchrony condition: one at 0.9 s, and one at 1.5s.
However, they displayed none at zero-lag, which would have indicated simul-
taneous movement synchrony. Conversely, in their forced-synchronization
rhythmic bouncing task, they identified significant synchronization at zero-
lag, indicating that the participants were moving consistently and simultan-
eously (Cuadros et al., 2020).

Though they are somewhat outside of the scope of this section, it is important
to note that several other human physiological systems that can be captured
using wearable sensors and have been known to exhibit synchronization in
infant-mother dyads are associated with behavioral measures of infant-mother
synchrony (Abney et al., 2021; Feldman, 2006; Feldman et al., 2011) (for recent
reviews of infant-mother physiological synchrony, see Davis et al., 2018 and
DePasquale, 2020). Most of the popular methods for measuring physiological
synchrony (measuring vagal tone and responsiveness, heart rate, skin conduct-
ance, finger pulse amplitude, respiration) also employ wearable sensors to
collect data from infant and mother simultaneously.

Unfortunately, no matter the modality being measured, wearable sensors can
be cumbersome to employ and somewhat limiting. Infants need to tolerate the
wearable sensors, and the use of some traditional, more widely available
wearable sensors can limit data collection to laboratory-based settings, particu-
larly when specialized equipment is necessary (Bente & Novotny, 2020;
Lourenco et al., 2021). Wearable sensor technology can also be expensive,
depending on the sensors used and their equipment requirements (Dunbar
etal., 2022; Pouw et al., 2020). The body movements of interacting individuals,
however, are capable of being captured in a simple video stream. Thus, more
recently the field has begun applying computational techniques to video streams
to assess movement synchrony.

2.2.2 Computational Assessment of Movement Synchronization

Advances in computer vision methods now allow for marker-less video-based
assessment of movement synchronization. Several types of techniques are
available that can be applied to a stream of video data for the automatic
assessment of movement synchrony, including both traditional computer vision
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and deep-learning-based 2D pose-estimation algorithms, 3D pose-estimation,
and frame-differencing approaches (Leo et al., 2022).

Pose estimation is an attractive alternative to traditional sensor-based motion
capture. Motion capture approaches typically require participants to wear markers
(either optical or electromagnetic) at specific locations on the body. To implement
marker-less pose-estimation, computer vision algorithms are trained to automat-
ically detect key body points across frames in a video stream. A skeleton con-
necting the body points is superimposed onto the image (see Figure 1), and each
key point is tracked in 2D space from frame to frame in the video stream,
providing a coordinate location for each point across time. The result is a time
series that represents movement for key body parts over the course of an
interaction. Popular 2D pose-estimation tools include OpenPose (Cao et al.,
2021), DeepLabCut (Mathis et al., 2018), BabyPose (Yurtsever & Eken, 2022)
and Alpha-Pose (Fang et al., 2022). To date, very few studies have employed 2D
pose estimation to examine synchrony of movement between infant and mother
(Jebeli et al., 2024; Klein et al., 2020; Stamate et al., 2023; Stamate et al., 2024),
though studies have used them to assess movement synchrony occurring between
two adult participants (Fujiwara & Yokomitsu, 2021), between parent and child
(Alghowinem et al., 2021; Shin et al., 2022) and within a single infant (intra-limb
coordination, Abbasi et al., 2023).

It is also possible to apply pose-estimation to three-dimensional coordinate
data. RBG-depth cameras (such as Microsoft Kinect (Hesse et al., 2019; Leclére
et al., 2016)) are a low-cost option that can be used to obtain both two- and
three-dimensional features of movement, including quantity of movement (2D)
and relative orientation of the body to another individual or object (3D) (Leclere
etal., 2016). Applying pose estimation to three-dimensional coordinate data can
be used to examine movement synchronization occurring in infant-mother
dyads in naturalistic play settings. In one study, pose estimation to three-
dimensional coordinate data isolated patterns of movement synchronization

Figure 1 Video-capture of an infant and mother interacting
in a free play session.
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that were predictive of group membership (neglect-mothers and control-
mothers) (Leclére et al., 2016).

Other types of tracking-learning-detection algorithms have been success-
fully employed with infant-mother dyads. These algorithms are computer
vision techniques, trained to detect specific features in a video frame and
track them in 2D pixel space across frames, providing a measurement of
movement. For example, the CISRO cylinder-based 3D head tracker can
track the head movements of mothers and their infants during the Still-Face
paradigm (Hammal et al., 2015). This particular tracker detects the head, and
within the head determines the position (pitch (vertical direction), yaw
(horizontal direction), and roll (lateral direction)) using location of the
nose and eyes in relation to the angle of the head. The output is several
time series for each participant that represent the angular displacement (the
head’s movement) and the angular velocity (the speed with which the head
was moving) in each plane of movement (pitch, yaw, and roll). Their findings
indicated that in the Still-Face paradigm, mother and infant head movements
were coupled (as indicated by windowed cross-correlation), with the angular
velocity of pitch and yaw more tightly coupled during the play phase
compared to the reunion phase. A tracking-learning-detection algorithm
(see Kalal et al., 2012 for details) can be used to examine infant head
movements (with the direction of the face interpreted as direction of the
infant’s attention) and mother hand movements (as the mother held and
animated an object of interest (Lopez Pérez et al., 2017). The output of the
tracking-learning-detection algorithm is a time series of coordinate position-
ing for infant and mother, respectively.

Another popular technique used for the assessment of adult-adult movement
synchrony is frame-differencing. One frequently employed frame-differencing
method is motion energy analysis, which has been used to examine coordination
dynamics in therapeutic contexts with adults (Ramseyer & Tschacher, 2011;
Ramseyer, 2020). Recently, motion energy analysis has been applied to infant-
parent video data for the first time (Hammack et al., 2023). Frame differencing is
a technique which quantifies the pixel values of a grayscale video within user-
defined regions of interest (ROIs), as shown in Figure 1. It then calculates the
change in ROI values from frame to frame. These value changes are considered
movements contained within the ROI, which is represented as “motion-energy”
(Hammack et al., 2023). Movement synchrony as identified through motion energy
analysis has been demonstrated to be associated with movement synchrony meas-
urements obtained using OpenPose in adult therapeutic contexts (Fujiwara &
Yokomitsu, 2021). To our knowledge, only our group (Hammack et al., 2023)
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has successfully employed motion energy analysis with an infant population. In our
recent publication, we applied motion energy analysis to examine total-body
movement synchrony between infant and mother in a free play setting obtained
using a video-conferencing platform (Zoom). We were able to identify positive
associations between globally coded measures of behavioral synchrony (using the
Coding Interactive Behavior scale; see Section 2.1.2) and dyadic movement
synchrony as captured by motion energy analysis, suggesting that when a dyad is
moving more synchronously, the mother is exhibiting higher levels of maternal
sensitivity, the infant is exhibiting higher levels of involvement, and the dyad is
exhibiting higher levels of reciprocal behavior.

2.2.3 Considerations When Employing Automated Methods

Depending on the method employed, one has several considerations when
collecting data for later movement assessment. If wearables are being used, it
is important to consider the context in which they may be employed. Wearables
are generally considered specialized equipment, and therefore require
a structured, often lab-based setting, limiting the generalizability of findings
outside of these contexts. Additionally, infants need to be able to tolerate the
wearable device for the duration of the study or play period being examined,
which can be difficult depending on the complexity and design of the wearable
device in question (Cornejo et al., 2017).

When collecting data for assessment with computational methods, one must
consider the placement of video cameras. One prominent issue with these
computational methods is loss of data due to overlapped movement or partial
visibility of the participants (Karaca et al., 2024). Algorithms are trained to
detect specific features, and often struggle to track consistently if these features
become partially occluded. Having several cameras to capture various angles is
one way to mitigate this, although in more naturalistic settings it is not always
feasible. Depending on the experimental design, the parent may hold the infant
in their lap, or the infant and/or parent may even leave the frame entirely
(Hammack et al., 2023) resulting in frames that need to be removed from the
time series. Another issue that arises is the translation of some of these methods
to infant research. Most pose-estimation methods (apart from BabyPose
(Yurtsever & Eken, 2022) and few others) are trained on adult physical models;
infants have different physical proportions to adults and move in different ways,
and thus the algorithms trained on adult models may struggle to track the infant
form efficiently when it is in unfamiliar positions or makes sporadic movements
(Huang et al., 2021; Karaca et al., 2024).
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2.2.4 Analytic Approaches for Movement Time-Series Data

Both wearables and computational methods provide a time series of movement
data for each partner (parent and infant) that can be fed into a variety of analytic
techniques. Global motion features can be computed by averaging the time
series associated with body parts, where movements are categorized into motion
features and then collapsed into percentages of time spent in that motion feature.
Global motion features are single values that lack a time-domain component;
however, they are easily assessed in conjunction with other higher-level con-
structs. For example, one group of researchers computed activity ratios (i.e., the
percentage of time that infant or parent was moving), an overlap ratio (i.e.,
percentage of time in which both infant and parent were moving at the same
time), and a silence ratio (i.e., percentage of time in which no movement
occurred). Correlations between these ratios and dyadic interaction qualities,
such as maternal sensitivity and infant involvement, as measured by the Coding
Interactive Behavior scale (Section 2.1.2 provides more information about the
Coding Interactive Behavior scale) were then computed (Egmose et al., 2017).

The extraction of global motion features has limitations. Investigators are not
only interested in the global motion features of an interaction, but also the time-
dependent features of movement synchronization (e.g., who initiates movement
and who follows along, whether different body parts are coordinated across
individuals). The research question specifies the way to quantify synchrony, as
different methodologies capture different aspects of movement coordination.

There are two types of approaches to analyses of movement time-series data
that enable investigators to assess changes in behavior: time domain and
frequency domain. Time domain approaches focus on identifying patterns in
the data over time. Frequency domain approaches isolate frequency compo-
nents (i.e., the number of occurrences of a repeating event over a unit of time)
and examine how behaviors at different frequencies contribute to the overall
signal. Techniques that include both types of approaches can be found in
Table 3.

Time-domain approaches. For hypotheses examining whether two individ-
uals exhibit synchronous movement throughout an entire interaction, zero-order
correlation (Hammal et al., 2015; Tsai et al., 2011) can serve as a basic metric of
synchrony. Zero-order correlation measures the strength and direction of the
linear link between two movement time series, resulting in a single correlation
coefficient. A positive correlation between two movement time series (e.g.,
from two people) indicates that as one person moves more, the other also moves
more. Alternatively, as one person moves less, the other person also moves less.
A negative correlation indicates as one person increases movement the other
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Table 3 Comparison of analytic techniques for time-series analysis

Can test
Assumes Assumes effects of Provides Can Tests
linearity stationarity  other Information provide direction
Time Frequency in the time in the time variables in about lead-lag phase of
Technique Domain Domain series series the model structure values influence
Correlational X — X X — — — —
Analyses
Windowed X — X X — X — —
Crossed-lagged
Correlation
Windowed X — X X X X — —
Crossed-lagged
Regression
Vector X — X X X X — X
Autoregressive
Models
Cross-recurrence X — — — — X — X
Quantification
Analysis
Fourier Analyses — X X X — — — —
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Table 3 (cont.)

Can test
Assumes Assumes effects of Provides Can Tests
linearity stationarity  other Information provide direction
Time Frequency in the time in the time variables in about lead-lag phase of
Technique Domain Domain series series the model structure values influence
Wavelet Transform X X — — — X X —
Coherence
Granger Causality X X — — — — — X
Analysis
Phase-Locking X X — — — X — —
Value and Phase
Coherence
Partial Directed X X — — — X — —
Coherence
Generalized Partial X X — — — X — X
Directed
Coherence
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decreases movement. However, global motion features do not distinguish
between simultaneous and delayed movement, nor do they account for fluctu-
ations in synchrony over time.

To mitigate this limitation, researchers often utilize windowed cross-lagged
correlation (Cuadros et al., 2019; Cuadros et al., 2020). In cross-lagged correl-
ation, the time series is divided into overlapping windows (e.g., 1-5 sec, 2—
6 sec, 3—7 sec). Within each window, the correlation between two signals at
different lags is calculated. In other words, one time series is shifted relative to
the other and correlations are calculated for the cross-lagged windows. Smaller
windows heighten sensitivity to transient fluctuations but may contribute noise,
whereas larger windows attenuate variations but may conceal significant coord-
ination changes. The advantage of a cross-lagged correlation approach as
compared to a zero-order correlation is that it allows measurement of correl-
ation at various lags over a time series. Limitations of cross-lagged correlations
are that they are sensitive to missing data points and do not allow for conclu-
sions to be drawn about the direction of influence of one signal on the other.

A windowed cross-lagged regression (Altmann, 2011; Schoenherr et al.,
2019), enhances cross-lagged correlation by using regression models to evalu-
ate how one individual’s movement predicts another’s over time. Similar to
windowed cross-lagged correlation, windowed cross-lagged regression divides
time series into segments. Regression analyses are then performed within each
window where one time series is used to predict another time series at different
lags. The regression analyses can also include other factors, such as baseline
measurements of synchrony or maternal traits, highlighting possible causal
links. In the context of mother-infant interactions, for example, windowed
cross-lagged regression can identify whether a mother’s movement predicts
her infant’s movements (or vice versa) and what factors influence these one-way
effects. Similar to windowed cross-lagged correlation, windowed cross-lagged
correlation requires careful selection of window lengths and is sensitive to
missing data.

Vector autoregressive models offer a more sophisticated method for under-
standing the reciprocal, time-related effects between infant and parent behav-
iors (Ngueyep & Serban, 2015). In contrast to windowed cross-correlation,
which measures synchronization strength, and windowed cross-lagged regres-
sion, which emphasizes one-way directional prediction, vector autoregressive
models assess whether past measurements of synchrony can predict future
values. In addition, vector autoregressive models incorporate interactions
across multiple lags allowing one to assess reciprocal causal relations over
time (Ngueyep & Serban, 2015). For instance, vector autoregressive models
can reveal whether a mother’s touch affects the infant’s movement in the
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following seconds, while also accounting for how the infant’s movement influ-
ences the mother’s future responses. The ability to model dynamic feedback
loops enhances our understanding of the change of interactive patterns over
time. This is especially relevant for studying co-regulation, where both individ-
uals actively engage in the interaction instead of just reacting to one another.
Finally, one might also be interested in identifying the extent to which other
measured variables, such as infant states or maternal traits, influence coordin-
ated patterns of behavior.

All of the techniques discussed thus far are linear methods, meaning that they
assume that interactions occur at a regular frequency and follow consistent
patterns over time. However, natural interactions often involve multiple over-
lapping rhythms. Different behaviors occur at varying speeds and adapt dynam-
ically to the context in which the interaction occurs. For instance, a mother may
nod and smile rhythmically while speaking, while her infant waves their arm in
at a different tempo. As the interaction unfolds, these rhythms may change. As
a result, traditional linear models may fail to detect subtle shifts in the timing of
responses or intermittent coordination patterns.

To overcome these challenges, researchers can employ nonlinear techniques,
such as cross-recurrence quantification analysis (Fusaroli et al., 2014).
Nonlinear techniques are specifically designed to identify intermittent, event-
driven, and nonstationary coordination pattern. Nonstationary refers to a time
series in which the statistical properties of the data (e.g., the mean and variance)
change over time. If the time series is nonstationary (i.e., does not show a stable
pattern over time), past observations may not reliably predict future values.
Nonlinear models are particularly useful for analyzing turn-taking in conversa-
tions, joint attention episodes, or varying engagement levels in infant-parent
interactions. Some nonlinear techniques, such as cross-recurrence quantifica-
tion analysis, can also accommodate both continuous and categorical data,
thereby serving as an effective technique for the analysis of various types of
social interaction, including those important for co-regulation of emotion and
attachment.

Frequency-domain approaches. One of the challenges of analyzing move-
ment data, particularly data that are collected in naturalistic non-structured
contexts, is that different types of movement occur at different frequencies, to
which time-domain approaches are agnostic. Frequency domain approaches are
designed to capture and assess movements that occur at varying rates. For
example, two people dancing together may have different footstep speeds
while coordinating arm movements at a completely different rhythm. Time-
domain analysis can indicate whether their movements generally align, but it
misses the nuance of how these multiple frequencies interact. One well known
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frequency domain approach is Fourier analysis. Fourier analysis transforms
a time-domain signal into its constituent frequencies so that the frequency
content of signals can be analyzed (Fujiwara et al., 2020; Schmidt &
Fitzpatrick, 2019). One can then test how well the movements of interacting
partners align at specific frequencies, or rhythms, during the course of the
interaction (Fujiwara et al., 2020; Schmidt & Fitzpatrick, 2019). The frequency-
domain perspective is crucial in the study of motor synchrony, as human actions
rarely occur at a single frequency, and Fourier analysis can provide a more
complete picture of how different motor rhythms synchronize during social
interaction (Schmidt & Richardson, 2008).

One limitation of Fourier transform is that it assumes stable frequencies
throughout an interaction. In other words, like correlational and regression
techniques described earlier, Fourier analysis is constrained by the assumption
of stationarity. Hence, Fourier analysis is suitable for structured, repetitive
activities, such as rhythmic rocking or bouncing in mother-infant interactions.
However, this assumption limits applicability in dynamic, non-repetitive con-
texts such as spontaneous free play between infant-parent dyads (Issartel et al.,
2015; Pukhova et al., 2018).

A technique that does not does not assume stationarity and allows for
simultaneous analyses of both time-domain and frequency-domain features is
wavelet transform coherence. Wavelet transform coherence breaks down sig-
nals into frequency bands, allowing researchers to explore time-based coordin-
ated changes in movement synchrony across a range of rhythmic speeds
(Fujiwara & Daibo, 2016; Fujiwara & Yokomitsu, 2021). This is done in several
steps. First, wavelet transform decomposes a signal into components at various
frequencies, providing a time-frequency representation of the signal; then
coherence is calculated. Coherence measures the correlation between two
signals at a specific frequency and indicates how well one signal can be
predicted from another at that frequency. Wavelet transform coherence com-
bines the wavelet transform with the coherence analysis by calculating the
coherence between two signals at different frequencies and times, providing
a detailed view of their relation. The result is a time-frequency map that shows
when and how the signals are correlated, as illustrated in Figure 2. The wavelet
transform coherence plot, often referred to as a heat map, highlights areas of
high coherence between the signals at specific times and frequencies. The heat
map also provides other information about the relation between the two signals
that are not apparent in the time or frequency domain alone. For example, the
phase relation between the two signals can take the form of lead-lag synchron-
ization (signal 1 precedes signal 2, or the reverse), in-phase synchronization (the
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Figure 2 Wavelet transform coherence plot.

peaks and troughs of the two signals align), or anti-phase synchronization (i.e.,
the peaks of one time series align with the troughs of another.

One concern of which researchers should be aware, independent of the
analytic technique used, is how to determine whether coordinated patterns of
movement observed in dyads represent true social synchrony and is not inci-
dental (e.g., due to environmental stimuli such as the humming of a fan or
common biorhythms). Best practices in the adult literature involve the creation
of pseudo dyads which we highly recommend (Fujiwara & Yokomitsu, 2021).
Pseudo dyads are created by randomly pairing members of one dyad with those
of a different dyad. Then movement synchrony observed in real dyads is
compared to that observed in pseudo dyads (i.e., control dyads). More detailed
discussion about the value of including pseudo dyads, when analyzing move-
ment time-series data and neural time-series data, can be found in Section 3.1.3
and Section 4.1, respectively.

In summary, there are many different approaches to the analysis of time-
series movement data, none of which are inherently right or wrong. The best
approach depends on the context in which the data were collected and the
research question. For example, if the movement data is repetitive (linear and
stationary) and the goal is to establish the extent to which two time series are
associated (without drawing conclusions about directionality) a zero-order
correlation will suffice. However, many research questions in developmental
science involve behavior that is not nonstationary, is observed in conjunction
with other nonstationary behavior, and that occurs at a different frequency. One
might also be interested in assessing the extent to which other factors (e.g.,
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maternal traits, infant motor abilities, dyadic qualities) influence measures of
interpersonal movement synchrony. In these cases, careful consideration of all
of these aspects will guide your choices.

3 Neural Measures of Interpersonal Synchrony

The “second-person neuroscience approach” has revolutionized our under-
standing of human sociability by focusing on real-time reciprocal social inter-
actions (Gvirts, 2020; Hoehl & Markova, 2018; Redcay & Schilbach, 2019).
This approach has provided novel insights into neural synchrony, which refers
to the coordination of brain activities between individuals during face-to-face
engagement (Nguyen et al., 2020; Wass et al., 2020). Synchrony is
a bidirectional process, where both the infant and parent mutually influence
one another (Schilbach et al., 2013). The groundbreaking technique of hypers-
canning, where brain activity is simultaneously recorded in multiple individ-
uals, has opened up new avenues for studying interactions through the
measurement of inter-brain correlations (Balconi & Vanutelli, 2018;
Bevilacqua et al., 2019; Wass et al., 2020). The application of hyperscanning
sheds light on the neural processes that underlie social cognition and communi-
cation as well as the dynamics of social interactions (Gvirts & Perlmutter, 2020;
Hamilton, 2021).

In the field of naturalistic, applied neuroscience, hyperscanning studies offer
a variety of techniques (e.g., fNIRS, EEG, fMRI, MEG), each with unique
advantages. However, functional near-infrared spectroscopy (fNIRS) stands out
as a particularly noteworthy technique for use with infant populations. Recent
advancements in fNIRS technology have led to the development of wearable,
wireless high-density systems, expanding the possibilities for studying brain
activity in various scenarios including, for example, naturalistic infant-mother
interactions. Technological advancements have also increased the portability of
fNIRS devices, allowing for investigations of human face-to-face interactions
in naturalistic environments like families” homes or specialized clinical set-
tings, thereby enhancing the authenticity and relevance of the findings.
Additionally, fNIRS exhibits reduced susceptibility to motion artifacts com-
pared to electroencephalography (EEG), allowing participants to engage in
natural movements during social interactions with less compromise to data
quality, an important consideration when working with infants who cannot be
instructed to stay still. Although EEG has greater temporal resolution than
fNIRS, the latter has greater spatial localization. Finally, fNIRS allows for
assessment of regional hemodynamic activity from the cortical surface,

Downloaded from https://www.cambridge.org/core. IP address: 10.1.240.33, on 01 Dec 2025 at 20:07:25, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009631174


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009631174
https://www.cambridge.org/core

30 Research Methods for Developmental Science

providing researchers with valuable insights into key brain regions and neural
systems relevant to social neuroscience.

When designing studies, researchers must identify cortical regions of inter-
est. Our understanding of the cortical areas involved in interpersonal dyadic
synchrony in the developing brain is still evolving, but we can draw insights
from single-brain studies that investigated socio-cognitive processes relevant to
interpersonal synchrony. For example, when infants observe an adult signaling
communicative intent through joint attention, gaze direction, or pointing, it
activates regions in the prefrontal cortex (PFC) (Grossman & Johnson, 2010;
Grossman et al., 2010). In addition, the processing of others’ belief states
activates the temporoparietal junction (TPJ), and this pattern of activation in
infancy predicts reasoning about other’s thoughts and beliefs later in childhood
(Hyde et al., 2018; Liu et al., 2025). Comprehensive reviews of single-brain
studies provide more detailed information on the neural underpinnings of socio-
cognitive processes relevant to interpersonal synchrony (e.g., llyka et al., 2021;
McDonald & Perdue, 2018).

We can also gain insight into potential regions of interest from research
conducted with adults. Models proposed in the adult literature suggest that
social alignment is mediated by a network of cortical areas that work together
to achieve and regulate interpersonal synchrony (Gvirts & Perlmutter, 2020;
Shamay-Tsoory et al., 2019). According to Gvirts’ and Perlmutter’s version of
this model, the neural basis of social alignment includes several key systems,
including the mutual social attention, gap monitoring, and gap monitoring
systems (Gvirts & Perlmutter, 2020). The mutual social attention system is
associated with the temporoparietal junction (TPJ) and promotes mutual atten-
tion between interacting partners. The gap monitoring system is associated with
the dorsomedial prefrontal cortex (dmPFC) and anterior cingulate cortex
(ACC). This system detects misalignment between one’s own movements,
thoughts, and emotions, and those of others. The observation execution system
is located in the inferior frontal gyrus (IFG) and inferior parietal lobe (IPL) and
facilitates the alignment of one’s own movements, thoughts, and emotions with
others.

Supporting the Gvirts and Perlmutter (2020) model, studies with adults have
shown that brain coupling occurs in the inferior frontal gyrus and dorsomedial
prefrontal cortex during dyadic interactions (Marton-Alper et al., 2023) and that
activation in prefrontal areas is associated with behavioral synchrony during
these interactions (Jiang et al., 2012). Additionally, activation in the dorsome-
dial prefrontal cortex is particularly strong during tasks that require greater
attention to aligning one’s behavior with another’s (Marton-Alper et al., 2023).
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Findings from fNIRS hyperscanning studies with infants and children,
although limited, are consistent with Gvirts and Perlmutter’s (2020) conceptual
model. For example, in infants aged 4-6 months, synchrony has been observed
in the inferior frontal gyrus and the medial prefrontal cortex during free play
tasks (Nguyen, Zimmer et al., 2023). Older infants, from 9 to 24 months, exhibit
activation in the prefrontal cortex and temporoparietal areas, including the
temporoparietal junction, during similar tasks (Morgan et al., 2023; Piazza
et al., 2020). This pattern continues in children aged 4—6 years, with studies
reporting activation in the dorsolateral prefrontal cortex and temporoparietal
junction (Li et al., 2024; Nguyen, Hoehl et al., 2021).

The brain regions targeted depends on the socio-cognitive processes thought
to be engaged during interpersonal synchronization. Selecting brain regions tied
to behavioral outcomes enhances the interpretability of fNIRS data. As a case in
point, infant researchers have found that interbrain synchrony in the prefrontal
cortex and temporoparietal junction is closely associated with the presence of
social behaviors that enhance communication. For example, instances of direct
gaze and smiling, which attract a partner’s attention and indicate the intent to
share information, are linked to interbrain synchrony in the prefrontal cortex
(Nguyen, Zimmer et al., 2023; Piazza et al., 2020). Additionally, instances of
joint attention and turn-taking are connected to interbrain synchrony in the
temporoparietal junction (Morgan et al., 2023).

3.1 Hyperscanning Using fNIRS

Given the unique advantages of using fNIRS in the developmental sciences,
there are a growing number of studies that have employed hyperscanning using
fNIRS in the infant population. fNIRS data collection with infants can be
challenging; researchers may need to exclude dyads from their dataset because
of infant fatigue, fussiness, inability to tolerate the headgear, procedural prob-
lems (e.g., poor headgear placement or interruptions during the experimental
session), or failure to complete the experimental task. In addition, data quality
may be compromised by excessive motion artifacts and/or low signal to noise
ratio. In this section, we will give suggestions for mitigating the challenges that
accompany conducting fNIRS hyperscanning experiments with infants and
young children.

Recall that most infant research investigating interpersonal synchrony has
been conducted with infant-mother dyads, largely because mothers are more
accessible research participants than fathers or other caregivers. Some but not
all studies including both mothers and fathers have reported differences in the
way that mothers and fathers coordinate with their infants (e.g., Feldman, 2007,
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Liu, Zhu et al., 2024; Nguyen, Schleihauf et al., 2021). In addition, the extent to
which differences between infant-mother and infant-father dyads are observed
may vary by context and the way in which synchrony is measured. Hence, it is
important to consider whether parent gender-related differences are expected
and whether you have access to a sufficient number of infant-father and infant-
mother dyads to conduct a balanced design. Although recruiting a sufficient
number of infant-father dyads to have a balanced design is challenging, it is
critical to the generalizability of the findings.

3.1.1 Study Design, Experimental Setup, Montage Construction

Hyperscanning studies are typically performed during naturalistic interactions
of about 5-10 minutes and include a baseline period, which is generally toler-
able for infants and young children. However, if multiple interaction types (i.e.,
multiple trial types) are to be employed in a testing session, the length of each
trial will need to be adjusted to maintain the infant’s engagement and minimize
fussiness. We recommend that each session not exceed over 20 minutes of
active infant engagement in the experimental tasks (and perhaps no more than
45 minutes spent in the fNIRS cap, including time for experimenter instruction).
For newborns and very young infants who do not yet have the ability to sit up
unsupported, an infant car seat or other arrangement that provides full postural
support is required. For older infants and toddlers that can sit up on their own,
a highchair may suffice. We advise video-recording the session to ensure quality
of INIRS data collection; researchers can use the video data to review and flag
moments when neural data collection has been compromised (such as moments
of excessive movement, participant touching the headgear, fussiness from the
infant). Video-recordings are also beneficial if coding behavioral data is import-
ant to the analysis and interpretation of fNIRS data (see Section 4.2.1). Figure 3
shows an arrangement that we use in our lab for infant-parent testing.

Prior to collecting hyperscanning data, the researcher should determine the
appropriate position and arrangement of the optodes by designing the headgear
montage. This step is critical to ensuring that one obtains an optimal signal from
the cortical areas of interest (see Yiicel et al., 2021). One can choose to use
preset configurations made available by NIRStar (NIRStar v.205 software) or
similar programs, or one can choose to create a customized configuration. Of
similar importance, it is necessary to select a headgear design that is tolerable
for an infant participant by considering both the number of fibers and the weight
of the fibers that will be included in the montage. We advise organizing the
fibers in such a way that facilitates quick headgear placement on the infant (who
are less patient than adult participants) and facilitates protection of the fibers
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Figure 3 Experimental set-up for an infant-parent dyadic synchrony test session.

throughout the experimental session from handsy infants. For example, fibers
can be grouped into bundles and carefully placed/affixed behind each member
of the dyad.

During data collection, it is essential that the headgear placement is standard-
ized across all the participants. To this end, researchers can locate and mark
external anatomical landmarks on the infant and parent heads, such as the
nasion, inion, vertex, and the bilateral preauricular points. By using the 10-20
(or similar) system for identifying brain regions, researchers can ensure that the
cap localizations correspond to the anatomical landmarks (Filippetti et al.,
2023; Piazza et al., 2019; Quifiones-Camacho et al., 2019; Reindl et al.,
2019). Some researchers also choose to complete an optode registration,
which is done when the researcher registers the participant’s MRI scans with
software that can determine the anatomical location of brain areas for each
participant (Hoyniak et al., 2021; Quinones-Camacho et al., 2019; Theyer et al.,
2024). Alternatively, when MRI scans are not available, researchers can register
functional brain data to software that can simulate probable MNI coordinate
values to determine anatomical locations of brain areas (see Minagawa et al.,
2023; Tsuzuki et al., 2007).

Once the cap is placed according to the correct anatomical landmarks, one
should check each optode for optimal contact with the scalp and adjust as
needed (Azhari et al., 2019, 2021; Hoyniak et al., 2021; Quifiones-Camacho
et al., 2019). Some researchers perform optode registration (localization of the
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cap montage on the participants’ skull) through the use of a 3D digitizer (i.e.,
Polhemus Digitising System, http://polhemus.com/scanning-digitizing/digitiz
ing-products/http://polhemus.com/scanning-digitizing/digitizing-products/).
Optode registration is beneficial as it promotes consistent recording from the
same brain areas across the participants. However, optode registration in three-
dimensional space is often difficult to do with infants because it requires the
infant to be still and can be time-consuming (Lloyd-Fox et al., 2014). An
alternative option for optode registration could be the recently published
STORM-Net (Erel et al., preprint), a system which allows the user to take
a quick video (~5 seconds in length) of the participant wearing the headgear.
STORM-Net applies computer vision technology and is able to localize the
placement of the optodes on the participant in relation to the locations expected,
similar to that of a 3D digitizer such as a Polhemus.

We recommend placing and adjusting headgear on the adult participant prior
to the infant participant to reduce the amount of time the infant must wear the
cap. Distracting the infant with toys, movies, or other activities infants find
engaging facilitates successful cap placement and requires teamwork (e.g., one
research assistant distracts the infant while another quickly places the headgear
cap on the infant infant’s head). One can also enlist the parent to help engage the
infant and distract them during cap placement. Once the cap is placed according
to the correct anatomical landmarks, one should check each optode for optimal
contact with the scalp and adjust as needed (Azhari et al., 2019, 2021; Hoyniak
et al., 2021; Quinones-Camacho et al., 2019). Next, signal quality should be
reviewed with a calibration test (Azhari et al., 2021; Azhari, Bizzego, &
Esposito, 2022), which is typically performed on the data collection software
provided by the maker of the fNIRS hardware, and headgear adjustments should
be conducted to improve signal quality if needed (Hoyniak et al., 2021; Reindl
etal., 2019). Note that secure placement of the headgear on the infant and parent
can help decrease the opportunity for motion artifacts (e.g., due to torque or
tipping of the optodes against the scalp or swinging fibers) and poor signal to
noise ratio (e.g., due to poor optode-scalp contact or ambient light).

3.1.2 Data Collection and Pre-processing

Researchers should take care to follow best practices in fNIRS data collection and
preprocessing to ensure the quality and reliability of their findings. Most
researchers conducting hyperscanning in the developmental sciences use
a continuous wave device to collect neural data and employ wavelengths between
690 nm and 850 nm (e.g., Azhari, Bizzego, Balagtas et al., 2022; Bizzego et al.,
2022; Filippetti et al., 2023; Nguyen, Kungl et al., 2023). Oxygenated hemoglobin
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(HBO) and de-oxygenated hemoglobin (HBR) have similar absorption coefficients
at about 800 nm, so a wavelength below 780 nm and above 830 nm is considered
optimal pairing to assess HBR and HBO, respectively (Scholkmann et al., 2014).
Dependent upon the system used for fNIRS data collection, data are typically
sampled at a rate of 7.81 Hz (Azhari, Bizzego, & Esposito, 2022; Barreto et al.,
2021; Bizzego et al., 2022; Nguyen, Kungl et al., 2023; Oku et al., 2022), or 10 Hz
(Emberson et al., 2017; Filippetti et al., 2023), providing sufficient temporal
resolution to capture the hemodynamic response in infants and adults. Recording
can be conducted using a single fNIRS device in hyperscanning mode or by using
multiple fNIRS machines in a tandem hyperscanning mode (Nguyen, Kungl et al.,
2023). Markers that indicate the start and end of each trial should be recorded in the
neural data. Such markers should be synchronized across all modalities of data
collection, for example, in the case of audio/visual or physiological data collection.
This may be done by sending triggers that mark onsets of specific behaviors,
originating at the computer collecting the neural data to any additional computers
being used to collect other modalities of data via a parallel port, serial port, or
Ethernet cable (the setup of such time-locked trigger systems are dependent on the
type of data being collected). Researchers can also use an audio cue (such as saying
the words “begin” and “the end”) or a visual cue (such as flashing a light toward the
camera) to indicate when onsets and offset markers are being entered into the
neural recording and to standardize the NIRS data with data of another modality,
such as video data.

After data collection is complete, researchers should then employ a comprehen-
sive preprocessing pipeline to ensure the quality and reliability of their functional
near-infrared spectroscopy (fNIRS) data. This pipeline typically involves several
critical steps such as: (1) conversion from intensity to optical density data, (2) visual
inspection of the signals and/or signal quality tests for removal of poor channels, (3)
motion artifact correction, (4) bandpass filtering, (5) applying a partial pathlength
factor, and (6) conversion from optical density data to oxyhemoglobin and deox-
yhemoglobin. Current methodological papers offer more detailed information
about best practices for pre-processing infant fNIRS data (e.g., Gemignani &
Gervain, 2021) and for pre-processing infant/child-parent fNIRS hyperscanning
data (e.g., Nguyen, Hoehl et al., 2021). A thorough preprocessing pipeline ensures
that the fNIRS data is of high quality and suitable for subsequent analyses,
enhancing the validity of the study’s findings.

3.1.3 Measures of Interbrain Coupling

Brain signals obtained from neuroimaging techniques such as fNIRS and EEG
are time-series data. Thus, measures of interbrain coupling require techniques
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that support the coupling of two time series. Some of the techniques described in
Section 2.2.4 have been applied to brain signals. However, there are consider-
ations related to the complexity of neural signals that render some of the
techniques described in Section 2.2.4 less-than-appropriate. For example, cor-
relational techniques can be influenced by variations in the shape of the hemo-
dynamic response function as measured by fNIRS. This is problematic because
the shape of hemodynamic response functions can differ across individuals of
the same age, across different age groups, and across different brain regions
(West et al., 2019). EEG signals are also nonstationary, rendering correlational
techniques unsuitable. In this section we cover techniques that are considered
more appropriate for analysis of neural data. Although the focus of this Element
is fNIRS data, we briefly review approaches to the analysis of EEG data as
examples of analytic approaches to time-series data.

Interbrain coupling of fNIRS data. In the field of fNIRS hyperscanning
wavelet transform coherence has become the standard analytical approach for
assessing interbrain synchrony (Czeszumski et al., 2020; Nguyen, Hoehl et al.,
2021). Wavelet transform coherence was first introduced in the fNIRS literature
in a cooperative and competitive button-press task involving pairs of adult
participants (Cui et al., 2012). The researchers quantified brain-to-brain coup-
ling by calculating wavelet transform coherence. Increased coherence in the
right superior frontal cortices during a cooperative task, but not during
a competitive task, was associated with better cooperation performance (Cui
et al.,, 2012). Wavelet transform coherence has now been applied in adult
(Czeszumski et al., 2022) and infant (Nguyen, Abney et al., 2021) populations.

One advantage of wavelet transform coherence is that it computes coherence
and phase lag between two time series. Hence, it has been widely applied in
domains in which understanding lead-lag structure is important, such as action
monitoring, cooperative and competitive behavior, imitation, mother-infant
problem-solving, and teaching-learning behavior (Liu et al., 2019; Lu et al.,
2021; Pan et al., 2020; Sun et al., 2020; Zhu et al., 2022). Another advantage of
wavelet transform coherence is that does not assume stationarity and integrates
time- and frequency-domain data (see Section 2.2.4), allowing greater flexibil-
ity in the types of situations in which it can be applied. Wavelet transform
coherence is also less affected by interregional differences in the hemodynamic
response function than other techniques, such as window cross-lagged correl-
ations or vector autoregressive models.

Less well known is that wavelet transform coherence can also provide
information about the phase relation between two signals. For example, two
neural signals can be in-phase (show activation at the same time) or anti-phase
(one brain shows increased activity while the other shows decreased activity).
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Historically, research using wavelet transform coherence to evaluate interbrain
synchrony failed to distinguish between in-phase and anti-phase interactions
and instead used absolute values only. As a result, elevated coherence values
may have resulted from both forms of neural synchronization (in-phase and
anti-phase), but researchers lacked the means to differentiate between them.
Consequently, studies may have inadvertently grouped together fundamentally
distinct synchronization patterns, rendering results regarding brain-to-brain
connectivity difficult to interpret.

Recently, we introduced a toolbox that enhances phase analysis in wavelet
transform coherence, enabling more precise classification of inter-brain syn-
chrony (Gvirts et al., 2023). Our toolbox differentiates between four different
synchronization patterns. Specifically, it identifies in-phase synchronization
(simultaneous neural activation), lagged synchronization (signal 1 leads signal
2, or the reverse), and anti-phase synchronization (one brain increasing activity
while the other decreases). Information about how to access and use the toolbox
can be found in Gvirts et al. (2023). Phase distinctions are critical considering
the types of interactions in which infants and adults typically engage during
naturalistic social interactions. For example, an infant and mother who take
turns patting the table (and remain still when it is not their turn) are likely to
show anti-phase patterns, whereas an infant and mother who mirror each other
are likely to show in-phase neural patterns. The distinction between these two
types of interaction patterns would not be detectable using wavelet transform
coherence without a method for extracting phase information, which can be
accomplished using our toolbox.

Wavelet transform coherence does not provide information about the causal
relation between two signals, however. A technique that can be used to investigate
causality, which is often referred to as direction of influence, is Granger causality
analysis (Granger, 1969). Granger causality analysis quantifies how well one time
series can predict another, providing insight into the information flow between
brain signals from two interacting brains during social interactions. When wavelet
transform coherence is used together with Granger causality analysis, these
combined methods provide a more comprehensive understanding of the complex
nature of social interactions and interpersonal brain coupling.

Granger causality analysis is more commonly used in adult studies, where
it has identified directional coupling in romantic partners (Zhang et al., 2023)
and dyads engaged in cooperative (Pan et al., 2017; Zhao et al., 2022) and
creative problem-solving tasks (Duan et al., 2022). The application of
Granger causality analysis in adult hyperscanning fNIRS studies has yielded
insights into the directionality and patterns of information exchange between
individuals engaged in social interactions. It represents a promising, yet
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underexplored, approach for assessing signal coupling in infant-mother
dyads assessed with fNIRS hyperscanning.

Researchers should be aware that the approaches we described in Section 2.2.4
and in this section provide information about coordinated changes in two signals
over time. However, researchers often calculate a global measure of synchrony by
collapsing the obtained values across task-related time blocks and frequency
bands into a single representation of inter-brain coherence, limiting their ability
to distinguish between different forms of inter-brain synchrony. Recently, there
has been increased focus on measures that maintain information about changes in
the coordination of two signals over time, particularly in the adult fNIRS litera-
ture (Duan et al., 2022; Zhao et al., 2022;). We are eager to see methods that
preserve the temporal dynamics of cortical responses applied in developmental
sciences (Gvirts et al., 2023; Marriott Haresign et al., 2023).

Interbrain coupling of EEG data. EEG techniques measure changes in elec-
trical activity with millisecond precision. This contrasts with fNIRS which
measure changes in hemodynamic responses, which occur at a much slower
rate of 2—5 seconds. Many of the methods discussed earlier can also be used
with EEG data. However, there are methods designed for fast oscillatory signals
and hence well suited for analyzing EEG data.

Frequently used approaches to the analysis of EEG hyperscanning data
include phase-locking value and phase coherence. Briefly, phase-locking
value measures the degree to which the phase difference between signals
remains constant over time. If the two signals are synchronized, the phase
differences between them should remain relatively constant. To compute phase-
locking value, EEG signals are filtered to isolate the frequency band of interest.
Phase-locking value is then calculated as the average of the phase differences
across multiple epochs, or time windows. Phase-locking values range from 0
(no phase synchrony) to 1 (perfect phase synchrony). In comparison, phase
coherence measures the consistency over time of the phase difference between
two signals within a specific frequency band. Both phase-locking value and
phase coherence can provide information about lead-lag structure. There are
several reviews comparing these approaches, and provide more detailed infor-
mation (e.g., Czeszumski et al., 2020; Marriott Haresign et al., 2022).

One limitation of phase-locking value and phase coherence is that they do not
assess direction of influence between the two signals. Approaches that measure
both magnitude and causal relations include partial directed coherence and
generalized partial directed coherence. For example, using generalized partial
directed coherence, one infant-parent hyperscanning studying identified
a bidirectional influence of parent’s brain activity on their infant’s brain activity
during live interactions, particularly during instances of direct gaze between
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them (Leong et al., 2017). The main difference between partial directed coher-
ence and generalized partial directed coherence is how coherence is calculated.
Generalized partial directed coherence incorporates a normalization process
that considers the strength of coherence across multiple pairs of signals, and
generalized partial directed coherence does not incorporate a normalization
process. This normalization process facilitates comparison of connection
strengths from different pairs of signals. For example, when measuring syn-
chrony at multiple brain regions during infant-parent interactions, researchers
can normalize signals obtained from one location by accounting for the magni-
tude of synchrony obtained in signals obtained at a different location (Leong
et al.,, 2017). A review of these and other approaches used to measure the
temporal dynamics of interpersonal synchrony in infant-parent EEG hyperscan-
ning data can be found in Marriott Haresign et al. (2024).

The importance of pseudo dyads. Once you have a measure of interbrain
coupling, you will want to test whether observed synchrony is of a meaningful
amplitude and/or whether the amplitude varies significantly across experimen-
tal conditions. Comparison of real dyads to pseudo dyads is considered best
practice to ensure that observed neural synchrony is due to genuine social
interaction rather than other factors. For example, low-level stimulus (e.g.,
lights flickering or sounds generated by a fan) and coincidental synchrony
(e.g., partners who have similar bio-rhythms) can result in spontaneous associ-
ations of brain activity between dyadic partners. Typically, pseudo dyads are
created by randomly pairing members of true dyads with members of other true
dyads (Nguyen, Hoehl et al., 2021; Reindl et al., 2019). For example, infant
from dyad 1 can be paired with mother from dyad 2. Some researchers have
taken a “shuffled dyad” approach, where moms and infants are randomly
shuffled one time so that you have the same number of pseudo and real dyads.
We recommend a permutation approach that includes as many permutations as
possible. Including all possible permutations, for example, will minimize biases
that could arise from specific pairings, allow for a more accurate baseline
comparison, and increase statistical power.

4 Interpersonal Synchrony: Coupling of Behavior and Brain

Behavioral studies have significantly enhanced our understanding of early
emerging infant-parent synchrony, and the important role synchronized, inte-
grated dyadic interactions play in social, cognitive, and linguistic developmen-
tal outcomes (see Section 2 for a detailed discussion of these methods). The
introduction of hyperscanning provides another method to study this universal
phenomenon that fosters positive developmental outcomes (see Section 3 for
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more on techniques appropriate for hyperscanning data). However, interpreting
hyperscanning data poses challenges, as it is difficult to make sense of coordin-
ated changes in two brain signals without behavioral context. Methods to assess
the relationship between behavioral and neural measures of interpersonal syn-
chrony are still underdeveloped. This section will examine approaches that have
been used to explore brain-behavior relations during dyadic interactions, shed-
ding light on the bidirectional influences on early patterns of interpersonal
synchrony. Illustrative examples of these approaches will be provided.

4.1 Neural Synchrony as a Function of Task Demands

This approach investigates the extent to which measures of neural synchrony
vary as a function of the task, or context, in which it is observed. The rationale is
that different types of interpersonal interactions may have different processing
demands, which will be reflected in the cortical responses observed (e.g., degree
of brain synchrony observed and/or the cortical areas in which synchrony is
instantiated). Inclusion of behavioral or performance measures, which provide
a more detailed assessment of the cognitive and social processes engaged,
during the task is optimal. This allows for a stronger interpretation of the
relation between task demands and interbrain synchrony.

One example of this approach is to compare neural synchrony in infant/child-
parent dyads during an interactive task relative to a task in which members of
the dyad are in close proximity but do not interact. To illustrate, researchers
have compared child-adult neural synchrony obtained during a cooperative,
problem-solving task relative to a task in which the dyads worked independ-
ently and out of view of each other (Li et al., 2024; Liu, Han et al., 2024; Nguyen
et al., 2020; Nguyen, Schleihauf, Kungl et al., 2021). Greater neural synchrony
was observed in frontal and temporoparietal areas during the cooperative as
compared to independent task, a finding that also has been observed with
adolescent-parent and adult-adult dyads (Lu et al., 2019; Miller et al., 2019).
Researchers using this approach typically assess the relation between global
measures of neural synchrony (i.e., synchrony averaged over a time series, for
each task independently) and other factors of interest, including infant and
parent traits (e.g., infant temperament, parental sensitivity), infant and parent
states (e.g., stress), and global behavioral measures that capture the quality of
the infant-parent interactions (e.g., behavioral reciprocity). Finally, behaviors
thought to facilitate socially coordinated interactions, such as touching or eye
gaze, can be micro-coded and the frequency with which they occur tabulated
(Nguyen, Abney, & Salamander et al., 202 1; Papoutselou et al., 2024). One can
then test the association between the frequency of target behaviors, putative
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measures of the socio-cognitive processes engaged as a function of task
demands, and the magnitude of the neural synchrony observed.

Another example of the “neural synchrony as a function of task demands”
approach is to compare neural synchrony obtained in infant/child-parent dyads
in two interactive tasks that are expected to elicit different patterns of interper-
sonal synchrony (Leong et al., 2017; Minagawa et al., 2023; Reindl et al., 2018;
for older children-parent dyads see Reindl et al., 2022). To build on the
illustration from earlier, one could compare neural synchrony obtained during
a task in which dyads work cooperatively as compared to a task in which dyads
work competitively (Reindl et al., 2018). One could also assess the relation
between performance measures (e.g., task completion, reaction times) and
neural synchrony. With careful experimental design, one could identify the
extent to which two different tasks, that engage different socio-cognitive pro-
cesses, elicit different patterns of interbrain synchrony. Although experimental
designs expected to elicit dissociations are not commonly implemented in the
developmental literature, at least to date, predictions could be made. For
example, fMRI single-brain studies with adults have identified that when play-
ing computer games involving a cooperative versus competitive mindset,
a distinct but overlapping pattern of neural activation involving frontal and
parietal areas is observed (Decety et al., 2004). On the basis of these findings,
one might expect hyperscanning studies to reveal distinct patterns of interbrain
synchrony in cooperative as compared to competitive tasks.

We offer a few methodological suggestions for investigators who take this
approach. First, when multiple tasks are used, the tasks should differ only on the
variable of interest. If the tasks vary on other dimensions (e.g., the types of
materials to which the dyads are exposed, the behavioral modality required, or
whether members of the dyad sit facing each other or side-by-side), it is difficult
to draw strong conclusions about what led to the differences in interpersonal
synchrony that were observed. Second, it is critical to ensure that interpersonal
synchrony observed was induced by one or more of the experimental manipu-
lations and cannot be attributed to shared low-level stimulus or coincidental
synchrony related to individual bio-rhythms, both of which can result in spon-
taneous associations of brain activity between the dyad members. (This was
discussed in Section 3.1.3 but is worth repeating.) To control for this possibility,
random permutation analyses or “shuffled pair” analyses are often implemented
(Nguyen, Hoehl et al., 2021; Reindl et al., 2019; Reindl et al., 2022). Random
permutations and shuffled pairs create pseudo dyads by randomly pairing
participants while holding condition constant, representing a baseline for com-
parison of true dyads to pseudo dyads in each condition, This is important
because even when experimental, control, and/or baseline (rest) conditions are
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included, spurious correlations in the signal can be obtained (Nazneen et al.,
2022). For example, some researchers have reported the degree to which
interbrain synchrony is observed in an experimental versus a control condition
may differ significantly, while at the same time a comparison of interbrain
synchrony observed in true versus pseudo dyads within an experimental condi-
tion can fail to reach significance (Nguyen, Hoehl et al., 2021).

Third, it is important to carefully select the analytic technique. As outlined in
Section 3.1.3, the prevailing approach for assessing interbrain synchrony
involves using wavelet transform coherence to assess the strength of signal
coupling, typically averaging coherence values across the duration of the
interaction. However, using wavelet transform coherence without considering
the accompanying phase angle values prevents more nuanced aspects of syn-
chrony from being explored. That is, although one may be able to detect the
presence and strength of brain signal coupling between members of a dyad,
without phase angles one cannot draw conclusions about the nature of the
coupling (e.g., lead-lag structure or whether the neural signals were in-phase
or anti-phase). In addition, wavelet transform coherence alone will not provide
information about direction of influence. Another technique, such as Granger
causality analysis, would need to be included to draw conclusions about the
extent to which one signal predicts another other. As the field progresses, we
expect to see more nuanced predictions about the effect of task demands on
patterns of neural synchrony, requiring more sophisticated analytic techniques
for hypothesis testing.

4.2 Behavior-locked and Epoch-locked Approaches to the
Coupling of Brain and Behavior

To conduct more fine-grained analyses of the coupling of behavior and brain
during dyadic interactions requires implementation of tools that can assess the
relation between these two within the temporal dimension. One approach is to
assess changes in neural synchrony as a function of changes in behavior that one
or both members of the dyad display during a test session (behavior-locked
approach). Another approach is to assess changes in behavioral and neural
synchrony at experimenter-determined intervals over the course of the inter-
action (epoch-locked approach).

4.2.1 Behavior-locked Approaches to Brain-Behavior Coupling

A behavior-locked approach investigates changes in interbrain synchrony in
relation to the onset of specific behaviors that occur naturally within a dyadic
interaction or in response to externally presented stimuli or events (Marriott

Downloaded from https://www.cambridge.org/core. IP address: 10.1.240.33, on 01 Dec 2025 at 20:07:25, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009631174


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009631174
https://www.cambridge.org/core

Behavioral and Brain Synchrony in Infants, Parents 43

Haresign et al., 2024 refer to this as an event-locked approach). This approach
typically involves micro-coding specific behaviors of interest (e.g., mutual gaze,
joint attention) and then assessing patterns of neural activation during the expres-
sion of these behaviors (Liu, Han et al., 2024; Marriott Haresign et al., 2023; Piazza
etal., 2020; Wass et al., 2020). To illustrate one application of this approach, Piazza
and colleagues (Piazza et al., 2020) assessed neural synchrony in 9- to 15-month-
old infants and an adult partner during a together condition (i.e., infant sat in their
mother’s lap and engaged in free play with an adult experimenter) and an apart
condition (i.e., experimenter turned away to engage with another adult and infant
sat quietly in mother’s lap). During the together condition, incidents of mutual gaze
(i.e., joint eye contact), joint attention (i.e., both members of the dyad attended to an
external object), and infant smiling were coded. FNIRS time-series data were
matched to the time series during which coded behaviors were observed, while
accounting for the hemodynamic lag of 4—5s.

Significant coupling of infant-parent neural responses (i.c., interbrain syn-
chrony as measured by correlational analyses) was obtained in channels posi-
tioned over PFC and preceded moments of mutual gaze and infant smiling. In
addition, an increase in adult PFC activation only preceded incidents of infant-
initiated joint attention to objects. Importantly, control analyses in which the
neural time series of one member of a dyad was randomly assigned to the
behavioral times of a member of a different dyad showed no significant brain-
behavior relationships. Finally, regression analyses performed on the behavior-
locked infant-adult interbrain synchrony scores revealed that mutual gaze and
infant smiling contributed more to the variance in neural coupling than joint
attention to objects. That is, mutual gaze and infant smiling were better predict-
ors of interbrain synchrony than joint attention.

Interestingly, another research group also using a behavior-locked approach
but with EEG data (Marriott Haresign et al., 2023), reported that with 12-month-
old infants and their mothers, gaze onset was not linked to changes in interbrain
synchrony. However, the onset of gaze to a social partner was linked to changes
within the sender’s but not the receiver’s brain activity, suggesting that (at least in
this study with this age group) intra-brain activity was more closely related to
changes in gaze than interbrain activity. There are a number of possible explan-
ations for the apparent discrepancy in results reported by these two studies (e.g.,
older and more experienced infant inter-actors are better at interpreting social
cues or, alternatively, the temporal locking of ostensive signals and interbrain
synchrony differs for dyads including older as compared to younger infants).
Regardless of the outcome of future work, this is an excellent illustration of the
contribution that behavior-locked approaches can make to our conceptual models
of interpersonal synchrony, early communicative understanding, and behavior.

Downloaded from https://www.cambridge.org/core. IP address: 10.1.240.33, on 01 Dec 2025 at 20:07:25, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009631174


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009631174
https://www.cambridge.org/core

44 Research Methods for Developmental Science

4.2.2 Epoch-locked Approaches to Brain-Behavior Coupling

An epoch-locked approach investigates changes in interbrain synchrony
across the temporal dimension. In this approach, the duration of a task is
divided into time intervals, or epochs, of equal duration. Changes in interbrain
synchrony as the epochs progress are then assessed. Typically, behaviors of
interest are also micro-coded and the relation between the frequency with
which these behaviors are observed and neural synchrony, during each epoch,
is calculated (Azhari, Bizzego, & Esposito, 2022; Bizzego et al., 2022;
Nguyen, Schleihauf, Kayhan et al., 2021). This approach allows investigators
to assess the extent to which neural and behavioral manifestations of interper-
sonal synchrony change over the course of an interaction. To illustrate this
approach, one group of investigators (Nguyen, Zimmer et al., 2023) micro-
coded instances of turn-taking, a universal temporal structure important to
effective dyadic communication, during each 1-minute epoch of a 5-minute
free play session in infants aged 4- to 6-month-old and their mothers. More
frequent turn-taking was associated with greater interbrain synchrony in
bilateral medial prefrontal cortex. However, the strength of this relation
decreased over the course of the interaction (i.e., was greater in early as
compared to later epochs).

Curiously, a different pattern of results was obtained in 5-year-olds using
a similar procedure (Nguyen, Schleihauf, Kayhan et al., 2021). With the 5-year-
olds, turn-taking was positively correlated with neural synchrony in prefrontal
cortex, and this increased in later (as compared to earlier) epochs of a 4-minute
free play session. These findings hint, again, at possible changes in brain-
behavior coupling during social interactions over the first 5 years of life. Turn-
taking requires attention to a social partner and coordination of one’s own
behavior with the partner. It is possible that the rhythmic coordination across
behavior and brain signals required for turn-taking emerges gradually during
the first few years of life, with older children as compared to younger infants
showing more sustained performance over the course of an interaction.
Regardless of whether this hypothesis is eventually supported, this illustrates
how an epoch-locked approach can reveal not only changes over the course of
an interaction, but developmental changes over time and experience.

One practical consideration when implementing a behavior-locked or epoch-
locked approach is that coding infant and parent behaviors during the course of
an interaction is a laborious task, requiring multiple coders who have been
trained to reliability and many hours of coding work. One solution to this
challenge is to employ automated coding techniques, as we will report in the
next section. A methodological consideration when time-locking person-coded
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behavior to neural responses is the temporal dimension in which behavior and
neural synchrony is assessed. In the case of fNIRS, it takes about 2—4 s for
hemodynamic response to initiate (Scholkmann et al., 2014). Hence, we advise
careful consideration of the time frame in which behavior is observed and coded,
and then time-locked to a hemodynamic response. Electrophysiological responses
are elicited much quicker than hemodynamic responses, in milliseconds rather
than seconds (Bell, 2020), making time-locking behavior to brain responses a bit
easier depending on the behavior of interest being assessed. However, we still
recommend informed decisions about the timing-locking of observed behavior
with EEG responses. Active social interactions require that individuals continu-
ously and mutually adapt to changes in each other’s behavior, rending the time-
locking of brain and behavior a serious methodological consideration, regardless
of the neuroimaging technique used.

5 A New Approach to the Coupling of Brain and Behavior: Phase
Patterning and Direction

An alternative to behavior- and epoch-locked approaches to the coupling of
brain and behavior is to compare two sets of time-series data, one obtained from
each modality. For example, one could compare coordinated changes in move-
ment data, identified using an automated coding technique like motion energy
analysis, with coordinated changes in neural signals obtained through fNIRS
hyperscanning in the same participants.

The challenge lies in comparing phase patterning and direction observed in
movement data with that obtained from hyperscanning data. Neural and move-
ment data occur at different frequencies, and the rate at which brain signals and
movement signals change also differs. This makes it difficult to align changes in
one modality with those in another. In Section 2.2.4, we discussed analytic
approaches for identifying phase patterning and direction in movement time-
series data. In Section 3.1.3, we discussed the potential for applying a similar
approach to fNIRS data. What we lack is a method for comparing coordinated
changes in the signals obtained from brain and movement data in the same
group of participants.

As a step toward addressing this gap in the literature, we recently developed
a MATLAB-based toolbox that facilitates phase analysis in wavelet transform
coherence, enabling more precise classification of inter-brain synchrony (Gvirts
et al., 2023). Conventionally, in the hyperscanning literature, researchers utiliz-
ing wavelet transform coherence treated anti-phase interactions similarly to in-
phase interactions and overlooked lagged synchrony. Our toolbox differentiates
between these synchronization patterns. Specifically, it identifies in-phase
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synchronization (simultaneous neural activation), lagged synchronization (one
brain leading the other), and anti-phase synchronization (one brain increases
activity while the other decreases). Such distinctions are critical when consid-
ering the types of interactions in which infants and adults typically engage
during naturalistic social interactions. For example, neural alignment that
occurs with minor temporal delays may indicate a contingent response, whereas
in-phase patterns may indicate mirroring.

Theoretically, the tool-box developed for analysis of fNIRS hyperscanning
data could also be applied to movement data collected using an automated
approach. We present a proof-of-concept study here to demonstrate, first, that
our toolbox can be used in both response domains (brain and behavior). Then
we tested the validity of this approach by showing the extent to which neural
and behavioral data exhibit similar patterns of signal coupling as a function of
task demands. Finally, we sought to identify the extent to which these patterns
are related to the quality of the dyadic interaction (as measured by maternal
sensitivity and dyadic reciprocity), which would be a step toward validating this
approach

5.1 Proof-of-Concept Study
5.1.7 Rationale

In the adult literature, a distinction has been made between interpersonal
synchrony that arises during regular everyday social interactions (Sylos-
Labini et al., 2018), and interpersonal synchrony that emerges intentionally as
part of an explicit goal to synchronize movements with another person (Reddish
et al., 2013). Automated coding techniques, when applied to adult populations,
are sensitive to the differences between these two patterns of movement syn-
chronization (Fujiwara & Yokomitsu, 2021). In addition, these two types of
synchrony engage different cognitive and social processes and dissociate in
psychopathological populations (Dahan et al., 2020; Fitzpatrick et al., 2016;
Granner-Shuman et al., 2021; Marton-Alper et al., 2020). This suggests that
they may be mediated by different neural mechanisms (Gvirts et al., 2021;
Marton-Alper et al., 2023).

Based on this reasoning, we assessed infant-mother movement and brain
synchrony during two tasks: a free play task and an instructed synchronization
task. In both tasks, the dyad was presented with a basket of toys. In the free play
task mothers were invited to play with their infant as they would at home. In the
instructed synchronization task mothers were explicitly instructed to synchron-
ize with their infant. We focused on two patterns of synchronization: in-phase
and anti-phase. In-phase synchronization is when members of the dyad exhibit
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their signal peak at the same point in time, whereas anti-phase synchronization
is when members of the dyad exhibit this peak at opposite points in time
(Figure 4).

In-Phase

-1.5

Figure 4 A schematic demonstrating synchrony in-phase and anti-phase
patterns using simple sine waves.
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5.1.2 Hypotheses

Our first set of hypotheses focused on the type of phase patterning we expected
to observe in the two tasks. During free play, one member of the dyad often
initiates an exchange, and the other responds in turn (Feldman, 2007). We
predicted that this back-and-forth exchange, known as turn-taking, would
manifest as anti-phase movement patterns in both the hyperscanning and
motion energy analysis data. In contrast, during an instructed synchronization
task, where the mother’s goal was to synchronize with her infant, we expected
the mother to move simultaneously with her infant, mirroring the infant’s
behavior. We predicted that this behavior would manifest as in-phase movement
patterns.

Our second set of hypotheses focused on the relationship between the time-
series data obtained from the two modalities. We predicted that the two tasks
would elicit distinct patterns of synchronization, which would be observed in
both the neural and movement data.

Our third set of hypotheses predicted that phase pattern and direction would
be differentially associated with qualitative assessments of the infant-parent
interaction. We previously reported that infant-mother movement synchrony, as
measured by motion energy analysis and averaged over the course of a free play
interaction, was significantly and positively associated with maternal sensitivity
and dyadic reciprocity, as assessed by the Coding Interactive Behavior scale
(Hammack et al., 2023). These findings revealed that motion energy analysis
captures meaningful representations of the infant-parent relationship. Based on
these findings, we predicted that during free play, measures of maternal sensi-
tivity and behavioral synchrony (dyadic reciprocity) would be positively asso-
ciated with the dyad’s anti-phase patterning in both the movement and neural
data. In contrast, maternal sensitivity and behavioral synchrony would be
negatively associated with in-phase patterning, as the mother’s goal of syn-
chronizing her behavior with her infant’s behavior would override the propen-
sity to respond in a turn-taking, reciprocal fashion. We expected this to be
observed in both the movement and neural data.

5.1.3 Experimental Design and Methods

Participants. Ten infants (female = 7) aged 7 to 23 months (M = 14.3 months,
SD = 6.3) and their mothers (aged 29 to 48 years, M = 35.2 years, SD = 6.0)
were included. The infants were born healthy and full-term with no reported
pre- or post-perinatal medical complications and were typically developing.
Mothers were White/Non-Hispanic (60%) or White/Hispanic (40%), and all
were college educated. All mothers gave informed consent prior to the test
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session, as approved by the university ethics committee (Florida Atlantic
University IRB #1574313).

Procedure. Infant-mother dyads participated in two tasks, each 5 minutes in
duration, in this order: (1) a free play task, in which mothers were provided with
a small basket of toys and instructed by an experimenter to “play just as you
normally would at home,” and (2) an instructed synchronization task, in which
mothers were provided with a different basket of toys and instructed to “syn-
chronize your behavior with your baby’s behavior, whatever that may mean to
you.” Dyads were seated at a table, with infants in an infant seat to their
mother’s left (Figure 1, right panel). The test session was video-taped from
two camera angles (landscape and overhead) that captured both the infant and
mother. Prior to testing, infant and mother were fitted with fNIRS caps set with
identical probe geometries (Figure 5). A NIRScout (NIRx Medical
Technologies, LLC) was used to acquire the optical imaging data using two
wavelengths: 760 nm, which is more sensitive to deoxyhemoglobin (HBR), and
850 nm, which is more sensitive to oxyhemoglobin (HBO).

Treatment and Analysis of Neural and Movement Data. Pre-processing and
analysis of the fNIRS data was identical to that reported in Gvirts et al. (2023).
Briefly, the optical density data for each member of the dyad were corrected for
motion artifacts using wavelet correction, the signals were converted to optical
density concentration, and a wavelet transform coherence analysis performed.
Next, the LeaderFollowerByPhase Toolbox was used to classify the obtained
phase angle values and calculate the percent of time that infant-parent neural
signals were observed to be in-phase and anti-phase. More information about
the toolbox and how phase angles were classified, and how percentages were
calculated, can be found in Gvirts et al. (2023). For simplicity, our analysis
focuses on data obtained at channel 18. This channel lies over the temporal

@ Source
® Detectors

Figure 5 FNIRS probe geometry configuration used in the proof-of-concept
study.
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parietal junction, an area implicated in neural synchrony in child-parent dyadic
interactions (Nguyen, Schleihauf, Kayhan et al., 2021).

The movement data were extracted from the video stream using motion
energy analysis (Ramseyer & Tschacher, 2008, 2011) in a manner similar to
that described by Hammack et al., (2023). Briefly, using the video data captured
by the landscape view, Regions of interest were manually drawn around the
members of each video independently to maximize the number of relevant
pixels (e.g., the pixels that makeup each member of the dyad). Using motion
energy analysis software (Ramseyer & Tschacher, 2008, 2011) the video stream
was converted to gray scale and changes in pixel values in the defined regions of
interest (Figure 1, right panel) were tabulated. To allow time for the infant and
mother to become comfortable in the task, the first minute of the 5-minute task
was cropped so that only 4 minutes of dyad interaction was included in the
analyses. Two continuous time series were created (one for each dyad member)
measuring the amount of body movement of each participant by identifying
absolute changes in grayscale values in the regions of interest. The time-series
data were then subjected to the LeaderFollowerByPhase Toolbox reported in
Gvirts et al. (2023). The toolbox was used to identify phase angles and
calculate percent of time that infant-parent dyads were observed to be in-
phase and anti-phase, similar to fNIRS data. This process was completed for
the free play and the instructed synchronization task, separately.

Qualitative Coding of Infant-Parent Interactions. The Coding Interactive
Behavior (CIB) scale (Feldman, 1998) was used to code behavioral measures
of parental sensitivity and dyadic reciprocity (i.e., behavioral synchrony) from
the recorded sessions of the free play and the instructed synchronization task.
Trained coders watched the 4-minute session of each task and manually scored
each of the 44 CIB subscales from 1 (minimal amount of the behavior observed)
to 5 (a large amount of the behavior observed). Composite scores were then
calculated by averaging the relevant subscales for each construct, parental
sensitivity, and dyadic reciprocity, resulting in a score between 1 and 5 for
each composite. Parental sensitivity is a composite score that was calculated by
averaging the following sub scores: acknowledging of infant cues, imitating (in
the first year only), elaborating, parent gaze/ joint attention, positive affect,
vocal appropriateness, appropriate range of affect, resourcefulness, praising,
affectionate touch, and parent supportive presence. Dyadic reciprocity is
a composite score that was calculated by averaging the following sub scores:
dyadic reciprocity (mutual turn-taking), adaptation-regulation, and fluency. The
primary coder was trained directly by Dr. Feldman. Secondary coders were
trained by the primary coder on a series of 13 training videos provided by the
developer. All coders met at least 80% intercoder reliability on the training
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videos prior to coding the project data. Coders were blind to the condition at
the time of coding, and coders only viewed one condition type per mother-
infant dyad. Intercoder reliability was calculated as percent agreement for
each task and composite, separately. For free play, 80% of videos were
reliability coded; maternal sensitivity reliability = 97.7% and dyadic reci-
procity reliability = 91.7%. For instructed synchronization, 100% of videos
were reliability coded; maternal sensitivity reliability = 90.3% and dyadic
reciprocity reliability = 92.6%.

5.1.4 Data Analysis and Results

The coherence obtained in channel 18 of the fNIRS time-series data and the
coherence between the two movement signals were classified according to the
LeaderFollowerbyPhase toolbox, respectively. We then calculated the relative
amounts (%) of time spent in in-phase and anti-phase coherence for both the
fNIRS and movement data separately.

To test the first set of hypothesis — that the free play task would be more likely
to elicit anti-phase patterning and the instructed synchronization task would be
more likely to elicit in-phase patterning — we compared the relative amount (%)
of time spent in in-phase and anti-phase patterning during the free play task
versus the instructed synchronization task. To test the second set of hypotheses —
that the pattern of results would be observed in both the neural and movement
data — analyses were conducted for the hyperscanning and movement data,
independently.

For the hyperscanning data, paired sample t-tests (two-tailed) revealed that the
mean percentage of time infant-mother dyads spent in anti-phase patterning was
significantly greater during the free play task (M = 33.7, SD = 14.4) than during
the instructed synchronization task (M = 17.5, SD = 10.0), #9) = 2.4, p = 0.038,
d=0.77. Conversely, the mean percentage of time spent in in-phase patterning was
significantly greater during the instructed synchronization task (M = 27.7,
SD = 9.4) than during the free play task (M = 17.4, SD = 7.1), #9) = 3.1,
p=0.012), d=0.99. See Figure 6.

For the movement data, the percentage of time spent in anti-phase pattern-
ing was significantly greater during the free play task (M = 26.5, SD = 6.4)
than during the instructed synchronization task (M = 13.1, SD = 5.5), #9) =
4.8, p <0.001, d = 1.5. In contrast, the percentage of time spent in in-phase
patterning was significantly greater during the instructed synchronization task
(M = 40.3, SD = 14.1) than during the free play task (M = 27.2, SD = 5.2),
t(9)=-3.5,p=0.014,d=1.1. See Figure 6.
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Figure 6 The mean percentage of time dyads spent in anti-phase and
in-phase patterning, as observed in the motion energy analysis (MEA) and
fNIRS data, during the free play and instructed synchronization task.
*p <.05, two-tailed tests.
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To test the third set of hypotheses — that phase patterning would be differen-
tially associated with qualitative assessments of the infant-parent interaction —
we assessed the relation between phase patterning and CIB codes. Analyses
were conducted for neural and movement data, separately.

For the fNIRS hyperscanning data during the free play task, dyadic reci-
procity was positively and significantly correlated with anti-phase patterning
(r = 0.655, p = 0.040, 95% CI [0.063 0.906]). Maternal sensitivity was also
positively correlated with anti-patterning, although this finding did not reach
significance (»=0.622, p =0.055, 95% CI[0.008 0.895]). In contrast, during the
instructed synchronization task, dyadic reciprocity (» = —.888, p < 0.001, 95%
CI [-.973 —.582]) and maternal sensitivity (» = —.809, p = 0.005, 95% CI
[-0.952 —0.370]) were negatively and significantly correlated with in-phase
patterns. See Figure 7A.

For the movement synchrony data, during the free play task, maternal
sensitivity (r = 0.633, p = 0.037, 95% CI [0.075 0.909]) was positively and
significantly correlated with anti-phase patterns. Dyadic reciprocity (= 0.304,
p =10.393, 95% CI [-0.372, 0.769]) was not significantly correlated with anti-
phase patterns. During the instructed play task, no significant correlations were
found between dyadic reciprocity (r = —0.377, p = 0.283, 95% CI [-0.802,
0.302]) or maternal sensitivity (» =—0.043, p = 0.907, 95% CI [-0.627, 0.573])
and in-phase patterns. See Figure 7B.

5.1.5 Single Dyad Illustrations

To explore whether task-related differences in phase patterning can be observed at
the dyad level, we present two dyads from the sample reported earlier (Figures 8A
and 8B). The figure for each dyad includes data obtained during the free play and
instructed synchronization task. The percentage of time spent in anti-phase and
in-phase patterns, by task, is reported. Also included in the figures are lead-lag
patterns (mother-led and infant-led). The LeaderFollowerByPhase Toolbox used
for data extraction in this proof-of-concept study calculates the distribution of
time across all four phase patterns (Gvirts et al., 2023). Although we focus here
only on in-phase and anti-phase patterning, the other phase patterns are included
in Figures 8A and 8B.

In the group results, the clearest task-related results were obtained with the
fNIRS data. During the free play task, both dyads spent a greater percentage of
time in anti-phase than in-phase patterns (Dyad A 32% vs 23% and Dyad B 32%
vs 12%). Conversely, during the instructed synchronization task, both dyads
spent a greater percentage of time in in-phase than anti-phase patterns, although

Downloaded from https://www.cambridge.org/core. IP address: 10.1.240.33, on 01 Dec 2025 at 20:07:25, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009631174


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009631174
https://www.cambridge.org/core

54 Research Methods for Developmental Science

A FREE-PLAY TASK | Anti-Phase Neural Synchrony and CIB Maternal Sensitivity
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Figure 7A Scatterplots of the correlations obtained between anti-phase
patterning and maternal sensitivity (top) and anti-phase patterning and dyadic
reciprocity (bottom) during the free play task. Maternal sensitity and dyadic
reciprocity as measured by the Coding Interactive Behavior (CIB) rating system.

the differentiation was greater in Dyad A than Dyad B (Dyad A 33% vs 9% and
Dyad B 33% vs 29%).

Task-differentiation was not as clear in the movement data. During the
free play task, both dyads spent the same percentage of time in anti-phase
and in-phase patterns (Dyad A 27% vs 27% and Dyad B 21% vs 21%).
During the instructed synchronization task, both dyads spent a greater per-
centage of time in in-phase than anti-phase patterns (Dyad A 64% vs 4% and
Dyad B 27% vs 20%).
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Figure 7B Scatterplots of the correlations obtained between in-phase patterning
and maternal sensitivity (top) and in-phase patterning and dyadic reciprocity
(bottom), observed in the instructed synchronization task. Maternal sensitivy
and dyadic reciprocity as measured by the Coding Interactive Behavior (CIB)

rating system.

Together, the group- and individual-level results demonstrate the added value
of extracting phase patterning from time-series data. These results also show
that access to data from multiple modalities can provide greater insight into our
understanding of early emerging infant-parent dyadic interactions.

5.1.6 Discussion

Comparison of the time spent in in-phase and anti-phase patterning revealed
a similar pattern of results in the fNIRS and movement synchrony data.
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Figure 8A Time percentage pie charts depict how time is distributed across four
different phase patterns (in-phase, anti-phase, mother-led, infant-led) during the
free play and instructed synchronization tasks for Dyad A

Dyad B
fNIRS

Free play

20%

27%

Instructed

13%

22%

41%

Figure 8B Time percentage pie charts depict how time is distributed across four
different phase patterns (in-phase, anti-phase, mother-led, infant-led) during the
free play and instructed synchronization tasks for Dyad B.

Infant-mother dyads spent a greater percentage of time in anti-phase patterning
during free play than during instructed synchronization, which was observed in
both the neural and movement synchrony data. Conversely, infant-mother dyads
spent a greater percentage of time in in-phase patterning during instructed
synchronization than during free play. These outcomes provide initial support
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for our hypothesis that different social contexts elicit different interaction pat-
terns and, for the first time, reveal that differential phase patterning can be
observed in both fNIRS and movement time-series data.

Examination of the relation between patterns of synchrony and dyadic
qualities revealed a clear pattern of results in the hyperscanning data. During
the free play task, dyads with mothers who showed greater sensitivity and who
engaged in more dyadic reciprocity spent more time in anti-phase patterns,
suggesting more turn-taking interactions. In contrast, during the instructed
synchronization task, success in moving simultaneously with the infant, per-
haps through mirroring, was associated with a decrease in maternal sensitivity
and dyadic reciprocity. These outcomes demonstrate that the quality of dyadic
interactions is associated with different interaction styles, as reflected in the
fNIRS time-series data.

The correlations conducted with the movement synchrony data and dyadic
qualities did not yield as clear results as observed in the fNIRS data. For the
movement synchrony data, during the free play task, maternal sensitivity was
positively and significantly correlated with anti-phase patterns. In contrast,
dyadic reciprocity was not significantly correlated with anti-phase patterns.
During the instructed play task, no significant correlations were found between
dyadic reciprocity or maternal sensitivity and in-phase patterns. It is possible
that with a larger sample size, and greater power, significant correlations would
be obtained.

Finally, the two single-dyad illustrations revealed that the patterns observed
in the group data were also evident at the single-dyad level, including greater
task differentiation in the fNIRS than the movement data.

One might wonder why movement synchrony patterning was not as closely
associated with maternal sensitivity and dyadic synchrony as neural synchrony
patterning. One possibility is that movement energy analysis is a less sensitive
measure of synchrony patterning than fNIRS. However, this seems unlikely,
given that the phase patterning results for movement energy analysis were
similar to those for fNIRS (Figure 6), with both measures differentiating
between tasks with similar effect sizes.

Another possibility relates to frame removal when computing movement
synchrony. In movement energy analysis, when the boundaries of defined
regions of interest overlap, correspondence in movement (measured by changes
in grayscale values) cannot be computed. Therefore, frames in the video stream
where regions of interest overlapped are removed from the analysis. In the free
play and instructed synchronization tasks reported here, the mean (standard
deviation) percentage of frames removed from analyses were 21.0% (12.5) and
18.8% (11.4), respectively. This is lower than what has been observed in other
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studies using online data collection techniques with infant-parent dyads (e.g.,
Hammack et al., 2023 reported M = 26.8%, SD = 11.1), but still higher than
optimal. The loss of data points during the time series may lead to less robust
results in some types of analysis.

5.2 Considerations for Future Research

One of the primary advantages of an automated approach is that it provides
ameans with which to compare, over the course of an interaction, phase patterns
in movement synchrony with those observed in neural synchrony. Our proof-of-
concept study established that different phase patterns, representing different
types of interaction patterns can be observed in both hyperscanning and move-
ment data. In addition, the extent to which these patterns are observed, and their
association with qualitative measures of the infant-parent relationship, depends
on the context in which the infant-parent interaction takes place.

Our long-term goal is to develop techniques for conducting more detailed
analysis of the time-series data, to identify the extent to which changes in brain
and behavior occur concurrently or are lagged. Analyses involving time-series
data which involve the coupling of brain and behavior require that the neural
and the behavioral signals are time locked. There are a number of ways this can
be accomplished. For example, post-experiment a stimulus marker can be
inserted manually in the neural and behavioral time series to mark the start of
the session and relevant points in the time series. Other options are to insert
stimulus markers using a manual key press or use automatic forms of triggering
during the test session. Techniques that include person-executed marking of the
data stream have the potential to be less precise, whereas automatic triggering
could be more precise as well as more efficient.

An important consideration in the application of automated coding in conjunc-
tion with fNIRS data is sampling rate. Often, neural signals and behavioral signals
are collected at different sampling rates. Up sampling or down sampling of the
signals will be required to conduct a comparison of changes in the signals over
time. When choosing a sampling rate, it is important to consider the frequency
with which one expects the signal to change in a meaningful way. For example,
meaningful changes in the hemodynamic response occur at a frequency around
0.1 HZ (Scholkmann et al., 2014). In contrast, meaningful changes in movement
data range in occurrence depending on the speed of the interaction, generally
occurring at a frequency below 4 HZ (and more commonly, between 0.5 and
1.5 HZ) (Fujiwara & Daibo, 2016; Fujiwara & Yokomitsu, 2021). The sample
rate used needs to both be compatible with the phenomenon being measured and
with the tools used to measure that phenomenon.
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Finally, the proof-of-concept study introduces phase angle to the analyses of
fNIRS and movement data in the developmental sciences. What is still missing
is information about directionality of influence; the causal relation between two
signals. The integration of Granger causality analysis, an analytic technique that
can shed light on the causal relation between two signals, along with our
toolbox, could further enrich the field’s understanding of brain-behavior
interactions.

6 Conclusions

The study of interpersonal synchrony in the developmental sciences is rapidly
expanding. With advancements in automated behavioral coding and fNIRS
technology, along with new analytic methods for interpreting brain and behav-
ioral signals, we have unparalleled opportunities to delve into the intricate and
diverse interactions between infants and parents. These interactions occur in
a wide variety of interpersonal contexts, serve multiple purposes, and are
closely linked to linguistic, social, and cognitive outcomes (Feldman et al.,
1996; Golds et al., 2022; Kellerman et al., 2020).

Critically, we now have tools to study the temporal dynamics of coordinated
changes in brain and behavior during early emerging infant-parent inter-
actions. Traditionally, dyadic interpersonal synchrony has been reported as
a single score averaged over portions, or all, of an interactive session.
However, dyadic synchrony is dynamic and bidirectional, built through
mutual regulatory processes, and involves partners moving into and between
coordinated states. What has been slow to emerge in the field are investiga-
tions of moment-to-moment changes in interpersonal synchrony that are
shaped by both infant and parent, and how these are related to other social
constructs. In this Element we introduced analytic techniques that allow us to
assess the way in which coordinated movement patterns and interbrain syn-
chrony change over the course of an interaction. These analytic techniques can
help identify nuances in patterns of interaction that to date have been over-
looked. For example, our proof-of-concept study revealed that different tasks
elicited different phase patterns in infant-mother dyads. Anti-phase patterns
were more frequently observed during free play, whereas in-phase patterns
were more frequently observed during instructed synchronization, in both
fNIRS and movement data. The association between phase patterning and
maternal sensitivity and dyadic reciprocity also differed by task. Together,
these data demonstrate the feasibility, and value, of investigating synchrony as
a dynamic construct in both brain and behavior. One challenge, however, is
how to link changes in brain to changes in behavior.

Downloaded from https://www.cambridge.org/core. IP address: 10.1.240.33, on 01 Dec 2025 at 20:07:25, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009631174


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009631174
https://www.cambridge.org/core

60 Research Methods for Developmental Science

6.1 Interpreting Coordinated Changes in Brain and Behavior

As a historical note, initial reports of interbrain synchrony were met with both
enthusiasm and words of caution. One primary concern was whether neural
synchrony was an epiphenomenon. Perhaps the coordinated changes in brain
signals observed were simply a result of two individuals engaged in the same
activity simultaneously or could be attributed to shared exposure to low-level
environment stimuli, and not indicative of more complex social processes
(Hamilton, 2021). These concerns have been greatly reduced by implementa-
tion of better research designs, the use of pseudo dyads as controls, and the
development of more sophisticated analytic techniques that allow for stronger
conclusions to be drawn when interpreting coordinated changes in neural
signals. Also alleviating concerns about how to interpret synchronized neural
signals is a growing body of research demonstrating a relation between coord-
inated changes in brain signals and synchrony-related behaviors. Researchers
have identified coordinated changes in neural signals that are associated with
task demands, are time-locked to the onset of behaviors that facilitate social
exchange and are observed selectively in social processing cortical networks.
Hence, we have strong evidence that neural synchrony is not incidental but
reflects social processing and engagement.

What remains more elusive, however, is how to characterize the relation
between coordinated changes in behavioral synchrony, like that observed in
movement data, and coordinated changes in neural synchrony, like that
observed in fNIRS data. Drawing causal conclusions about the relation between
changes in brain activity and changes in behavior is challenging, for two
reasons. First, interpersonal synchrony is a complex phenomenon that involves
interrelated processes, such as joint attention, shared affect, and common goals.
Engagement in these processes is reflected not in a single behavior but a set of
behaviors. In addition, dyadic synchrony is supported by not a single brain
structure, but a social processing network composed of interacting brain areas.
We are just beginning to piece together cognitive-social processes, behaviors,
and brain regions activated.

Second, behavioral and cortical activity occur at different frequencies, and
change on different time scales. As discussed in Section 5.2, direct comparison
of movement and neural time-series data can be challenging. One approach is to
down-sample or up-sample the data streams, to be of the same frequency. The
sample rate used needs to both be compatible with the phenomenon being
measured and with the tools used to measure that phenomenon. An alternative
is to apply a window-lagged approach using very brief intervals, preserving the
ability to look at changes over the course of an interaction. For instance, one
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could identify phase values for short time windows (e.g., 3 sec) and use vector
autoregressive models to identify the extent to which past phase values of neural
synchrony predict future phase values of movement synchrony, or the reverse.
One could also include in the analysis other factors, such as maternal sensitivity
or infant initiative, that are hypothesized to influence coordinated patterns of
neural or behavioral synchrony. Finally, there are models outside the scope of
this Element that could be explored, such as mixed-frequency models, machine
learning, and hierarchical time-series models, if the approaches we have
covered here do not suffice for the hypotheses being tested. Whatever approach
is taken, the outcome of work along these lines has the potential to transform our
understanding of infant-parent interactions, measured across modalities, tasks,
and time.

6.2 Is Interpersonal Synchrony a Developmental Mechanism?

There is a robust body of research showing that behavioral measures of interper-
sonal synchrony in infant-parent dyads predict cognitive, social, and communi-
cative outcome measures in childhood and adolescence (Feldman, 2012). There is
also a growing body of research suggesting a positive association between neural
synchrony and developmental outcomes (Bi et al., 2023). Bio-behavior models
have been proposed to explain and predict how regulation of brain and behavior
during dyadic interactions leads to these positive outcomes, and dysregulation
leads to maladaptive outcomes (Feldman, 2007). One might even suggest that
brain and behavioral synchrony are developmental mechanisms.

However, we also know that behavioral and neural synchrony alone does not
predict outcomes. For example, social support, maternal mental health, and
parental stress all influence behavioral and neural measures of infant-parent
synchrony (Feldman et al., 2004; Golds et al., 2022; Lundy, 2003). Many of the
same factors are associated with, and often predict, social and cognitive func-
tioning in childhood (Feldman et al., 2009). Models that test direct and indirect
effects of these factors on measures of interpersonal synchrony and outcome
measures are needed before firm conclusions can be drawn about the role that
interpersonal personal plays as a developmental mechanism.

We anticipate that specific types of synchronies are linked to distinct out-
comes. For instance, coordinated activity between two brains in the prefrontal
cortex, associated with ostensive cues, is likely to be a better predictor of
language outcomes than coordinated patterns of neural activation in the pre-
frontal cortex related to affect regulation. The ability to precisely identify
connections between brain activity, behavior, and social, cognitive, and com-
municative outcomes will be crucial.
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Finally, much remains to be discovered about the optimal conditions for
neural and behavioral synchrony in learning and development. Although it is
often assumed that more synchrony is better, there may be an optimal range for
positive outcomes, with very high and very low levels of interpersonal syn-
chrony leading to poor outcomes (Roche et al., 2025). Additionally, the flexi-
bility with which dyads transition through and between more or less
synchronized states may be a better indicator of healthy social interactions
and a stronger predictor of outcomes than the magnitude of synchrony observed
(Mayo & Gordon, 2020). In this Element we argue that viewing synchrony as
a unidimensional construct measured only by the magnitude of associations
between infant and parent, overlooks important nuances in social interaction
patterns. Analyzing phase patterns extracted from time-series data, for example,
allows us to identify leaders and followers, how this may change over the course
of an interaction, and how it is associated with the quality of the interactions.
A phase patterning approach also facilitates the exploration of how frequently
and flexibly infant-parent dyads move from one phase pattern to another.

6.3 Clinical Applications

New insights into the temporal dynamics of infant-parent synchrony will have
wide-ranging implications for clinical applications. The ability to identify
disruptions or deficits in infant-parent synchrony may serve as a valuable
marker for identifying infants at risk for poor development outcomes. These
findings can also offer new avenues for early detection and intervention.

The degree of interpersonal synchrony observed in infant-parent and child-
parent dyads has been linked to risk conditions, including parental stress,
prematurity, maternal depression and anxiety, and sociodemographics, empha-
sizing its relevance to developmental psychopathology (Azhari, Bizzego, &
Esposito, 2022; Feldman et al., 2004; Hoyniak et al., 2021; Quinofies-Camacho
et al., 2022). Neural imaging work has also revealed that the degree of neural
synchrony observed in infant-parent and child-parent dyads might be
a biomarker for potential clinical disorders, such as autism spectrum disorder
(Wan et al., 2019). To date, developmental studies have focused on the magni-
tude of synchrony observed as the primary measure of brain and behavioral
interpersonal synchrony. Studies that link specific types behavioral and neural
synchrony (e.g., in phase, anti-phase) with problematic developmental out-
comes will allow greater precision with which to identify infants at risk.

A more complete understanding of how coordinated changes in brain and
behavior are related to developmental outcomes will also benefit the design of
intervention strategies. Identification of sequences of behavior that are atypical
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can help clinicians design effective interventions (Morgan et al., 2023;
Quinofies-Camacho et al., 2022). For example, if poorly synchronized infant-
parent interactions lack turn-taking episodes and/or infants fail to respond
contingently to affective cues, interventions can target these behaviors.

Finally, the development of automated approaches to the coding of dyadic
interactions would have the potential to significantly improve access to a wider
and diverse population of infants at risk. Despite the critical role of early social
interactions in an infant’s developmental trajectory, current assessment methods
are inadequate, particularly for infants at risk for ASD and attention-deficit
/hyperactivity disorder (ADHD). Most tools require complex, time-consuming
clinical scoring and fail to capture nuances of social synchronization. The
design of a user-friendly, computer-based tool that automatically analyzes
video recordings of infant-mother interactions would enable both in-person
and remote administration without the complexities of traditional clinical scor-
ing. Early identification of social synchronization issues will enable timely
interventions, improving developmental outcomes and address a critical gap
in early childhood assessments.
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