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Abstract

Despite increasing emphasis on emergent brain-behavior patterns supporting lan-

guage, cognitive, and socioemotional development in toddlerhood, methodologic chal-

lenges impede their characterization. Toddlers are notoriously difficult to engage in

brain research, leaving a developmental window in which neural processes are under-

studied. Further, electroencephalography (EEG) andevent-relatedpotential paradigms

at this age typically employ structured, experimental tasks that rarely reflect formative

naturalistic interactions with caregivers. Here, we introduce and provide proof of con-

cept for a new “Social EEG” paradigm, inwhich parent–toddler dyads interact naturally

during EEG recording. Parents and toddlers sit at a table together and engage in differ-

ent activities, such as book sharing orwatching amovie. EEG is time locked to the video

recording of their interaction. Offline, behavioral data are microcoded with mutually

exclusive engagement state codes. From 216 sessions to date with 2- and 3-year-old

toddlers and their parents, 72% of dyads successfully completed the full Social EEG

paradigm, suggesting that it is possible to collect dual EEG from parents and toddlers

during naturalistic interactions. In addition to providing naturalistic information about

child neural development within the caregiving context, this paradigm holds promise

for examination of emerging constructs such as brain-to-brain synchrony in parents

and children.
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1 INTRODUCTION

Young children develop cognitive, language, and socioemotional skills

through rich, reciprocal interactions with caregivers, yet neuroscience

methods typically study the neural correlates of these developmen-

tal processes in solitary, rather unnatural experimental settings. Elec-

troencephalography (EEG) allows researchers to examine themoment-

by-moment natural electrical activity of the brain while a child is in

a given state such as rest, or in response to various types of stimuli

or conditions. Because it provides a temporally precise signal, can be

portable, and is rather tolerant of motion, EEG has beenwidely used to

examine development and brain-behavior associations in infants and
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children and has provided key insights into a variety of developmen-

tal processes (reviewed in Anderson & Perone, 2018; Bell & Cuevas,

2012). Despite these benefits and advances, however, the vast major-

ity of EEG research does not reflect the naturalistic social interactions

with a caregiver that facilitate development. Identifying the neural cor-

relates that underlie specific social and communicative behaviors that

occur during parent–child interactions holds great promise for provid-

ing more ecologically valid scientific findings regarding the neurobi-

ological processes of development (Rolison et al., 2015; Suveg et al.,

2016). Further, the opportunity to study brain-to-brain neural syn-

chronyduringnaturalistic social interaction couldprovidenew insights,

particularly into social development, given the importance of behav-

ioral and physiological synchrony for child development (DePasquale,

2020; Konvalinka & Roepstorff, 2012; Lunkenheimer et al., 2020;

Quiñones-Camacho et al., 2020).

In this paper, we first provide background on current “social” neuro-

science methods for studying development along a continuum of natu-

ralness with commentary on the opportunities and challenges that the

field currently faces. We then describe how studying the brain during

parent–child interactions can be uniquely informative, especially when

examining naturally occurring behaviors among the dyad. Additionally,

we review some of the benefits of studying interpersonal neural syn-

chrony and its contributions to our understanding of child develop-

ment. We introduce a paradigm that we have developed called Social

EEG, designed to assess parent and child neural signals as well as their

synchrony, during naturalistic interaction. Social EEG uses state-based

behavioral coding to identify naturally occurring behaviors in true-

to-life social interaction, in order to examine their neural correlates.

Finally, we provide data on the rates of success for the paradigm and

initial usability in order to evaluate its utility.

1.1 Use of EEG in developmental research

EEG is a brain measure commonly used to study infants and chil-

dren; in contrast to magnetic resonance imaging (MRI), it is more tol-

erant of motion, can be done in a child-friendly room with the par-

ent or researchers present for comfort, and is relatively low cost

(Bell & Cuevas, 2012; Gilmore et al., 2018). Functional near-infrared

spectroscopy (fNIRS) is another noninvasive brain measure used with

young children because of similar advantages (Gervain et al., 2011),

but its temporal resolution is poor relative to EEG. Both because of

its temporal resolution and the well-established understanding of cor-

relates of certain EEG power bands (e.g., Koenig et al., 2002; Mar-

shall et al., 2002), EEG lends the opportunity to meaningfully examine

time-sensitive brain-behavior associations in populations that are typ-

ically difficult to study withMRI, including infants, toddlers, and young

children who experience difficulty with communication and language

(McWeeny & Norton, 2020). In this way, EEG has the potential to help

close the gap that currently exists inwhich infants and older preschool-

ers are characterized in brain studies, but toddler age is often skipped

because it can be difficult to obtain MRI either during natural sleep or

while the child is awake (Zhang et al., 2019).

Resting state is among themost commonmethods employed in EEG

researchwith young children. Resting state or “baseline” paradigms are

designed to assess intrinsic neural activity without a specific task or

stimulus. In classic resting state paradigms with adults, a participant

sits quietly with their eyes closed in order to capture neural activity

in a state as close to true resting as possible. For toddlers and young

children, resting paradigms have been adapted to record continuous

EEG while children are presented with minimally stimulating objects

or events, such aswatching a neutral, child-friendly video (e.g., McEvoy

et al., 2015; Simon et al., 2017), a spinning bingo wheel (e.g., Mar-

shall et al., 2004), or bubbles blown by an experimenter (e.g., Gabard-

Durnam et al., 2019; Tierney et al., 2012).

Measures from resting or near-resting state in children can be used

to inform how intrinsic brain function relates to social development

and related skills including language and communication. Resting state

studies have revealed neural correlates that affect infant and tod-

dler development in terms of social behaviors and socioemotional out-

comes (Liu et al., 2021; Paulus et al., 2013), the influenceof earlymater-

nal behavior during parent–child interactions on later child brain activ-

ity (Bernier et al., 2016), and neural mechanisms that contribute to

variation in language and cognitive abilities (Bell & Fox, 1992; Bena-

sich et al., 2008; Gou et al., 2011; Tarullo et al., 2017). Further, studies

have examined differential brain activation among children with com-

munication difficulties such as autism spectrumdisorder (Bernier et al.,

2007;Murias et al., 2007;Wang et al., 2013) and language and learning

disorders (Schiavone et al., 2014).

In order to study social development in children, some studies have

investigated differences in neural activity between distinct passive-

viewing conditions, such as those with versus without social stimuli.

For example, studies have presented video recordings of age-matched

peers performing a task (van Elk et al., 2008) or videos of an exper-

imenter demonstrating social actions (Jones et al., 2015) during EEG

recording. Including both baseline/rest and passive-viewing conditions

offers added informative value in that these studies can capture chil-

dren’s baseline brain response relative to manipulated social contexts

in order to parse out baseline-state neuralmechanisms from the neural

mechanisms that may be uniquely involved in processing socially rele-

vant information.

1.2 Toward naturalistic EEG paradigms with
children in developmental context

Studying social development using structured stimuli, during passive

viewing, or at rest, although valuable, does not allow for examining

the child’s naturally occurring behavior. Some researchers have devel-

oped approaches to bringingmore true-to-life, dynamic qualities of the

social world to the laboratory during EEG in part by expanding beyond

presenting repeated stimuli via a computer. These include having an in-

person interaction with the participant in real-time by playing peek-a-

boo or directly speaking or singing to the child (Goodman et al., 2021;

Jones et al., 2015; Leong et al., 2017; Orekhova et al., 1999; 2006;

Ruysschaert et al., 2013; Shimada & Hiraki, 2006; St. John et al., 2016;
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Stroganova et al., 1997). Yet even with these methodological adap-

tations that aim to move toward stimuli more relevant to the child’s

own social context, the socialization being captured is still somewhat

restricted in that it does not give children theopportunity to freely nav-

igate interactions as they normally would in real-world contexts out-

side of the laboratory. By examining changes in EEG brain activity with

paradigms that are more closely aligned with dyadic, naturalistic inter-

action, research is likely getting closer to pinpointing the neuralmecha-

nisms that underlie more complex, live social communication that chil-

dren experience in their daily lives.

1.3 Studying the brain during parent–child
interaction

The parent–child context is considered the most formative experi-

ence of early childhood for shaping neurodevelopment and has long

been examined in developmental science behaviorally (Kochanska &

Aksan, 2004; Wakschlag & Hans, 1999). However, characterization of

the brain during this process has largely been lacking. Though scientific

advancements toward naturalistic neuroscience continue to provide

meaningful information, we, and others (Bell, 2020;Dumas et al., 2010;

Hari & Kujala, 2009; Konvalinka & Roepstorff, 2012; Markova et al.,

2019; Nguyen et al., 2020; Rolison et al., 2015; Schilbach et al., 2013;

Wass et al., 2020), recognize an important gap in our understanding of

the interactingdevelopingbrain, especially interactionbetweenparents

and children, complementary to typical single-participant research

paradigms. Parents and their children must draw on additional skills

when actively engaging in reciprocal interactions by coordinating their

own internalized social cognition with the rapidly unfolding responses

and expectations of their communication partners in real-time (De

Jaegher et al., 2010; Konvalinka & Roepstorff, 2012).

One method for increasing naturalness of EEG paradigms is to

directly involve parents as participants together with their children.

Neuroscience paradigms incorporate parent involvement in studies by

instructing parent–child dyads to jointly attend to the same videos or

stimuli (Azhari et al., 2019; Krzeczkowski et al., 2020), work together

to assemble a tangram or puzzle (Atzaba-Poria et al., 2017; Nguyen

et al., 2020; Quiñones-Camacho et al., 2020), or play a computer

game (Liao et al., 2015; Reindl et al., 2018). Paradigms have also been

designed to simultaneously collect brain data from both the parent

and child with less restrictive study protocols that allow dyads to have

greater autonomy and flexibility in the interaction. This includes giv-

ing parent–child dyads one or two toys to freely play with (Hoyniak

et al., 2021; Quiñones-Camacho et al., 2020) or being instructed to

play silently (Wass et al., 2018), in addition to simply having parent–

child dyads freely engage in unguided verbal conversation with each

other for 10min (Nguyen et al., 2021). Giving flexibility to these oppor-

tunities of interaction between parents and their children while col-

lecting measurements of the brain permits children to naturally elicit

behaviors and responses related to the transactions of communica-

tion. From there, researchers are better equipped to then character-

ize these social and communicative behaviors in the context of the

underlying brain activation patterns that are simultaneously being

observed.

1.4 Studying naturally occurring child social
behaviors

Another consideration in naturalistic EEG paradigms is how best to

capture social constructs of interest. Most previous EEG work has

examined child social processing using experimentally presented stim-

uli, which has the advantage of strict standardization. This can be help-

ful in differentiating neural mechanisms required for social processing

from endogenic factors. Social processing during experimental tasks,

however, varies in similarity to true-to-life social interaction. Addition-

ally, inmeasuring a construct like joint engagement, it is difficult to con-

trol whether a child truly engages with a social partner or does not.

By behavioral coding the interaction, researchers are able to identify

behaviors of interest as they occur naturally without strict experimen-

tal protocols that constrain how the interaction unfolds. This is espe-

cially advantageous for young children and children with disabilities

who may be less able to follow directions or watch a computer screen

for long periods of time.

For example, social behaviors of interest coded during studies

of interpersonal neural synchrony include looking behavior (such as

mutual gaze or visual attention to an object, Leong et al., 2017; Piazza

et al., 2020; Wass et al., 2018), turn-taking or other aspects of con-

versational quality (Nguyen et al., 2020, 2021; Quiñones-Camacho

et al., 2021), and participant affect (Atzaba-Poria et al., 2017; Nguyen

et al., 2020; Piazza et al., 2020). Interactions have also been coded

second-by-second more generally as synchronous or asynchronous,

taking into account several types of social actions at once (Hoyniak

et al., 2021; Quiñones-Camacho et al., 2020). However, current work

primarily focuses on discrete, child markers of engagement, where the

constructs observed are aggregated into one composite data point per

dyad that summarizes the level of engagement for that interaction ses-

sion. This is in contrast to the design of the coding approach in the

current paradigm, where the ongoing state of the parent and child is

assessed. This is an important added methodological consideration to

complement currentwork in this area asmoments of joint engagement,

which consider the timing and reciprocal nature of parent–child inter-

action, are uniquely related to language development above discrete

measures of child attention alone (Adamson et al., 2019).

1.5 Inter-brain synchrony as a method to study
child social development

A promising avenue for studying child social development is to char-

acterize parent–child attunement during interactions at the level of

behavior, physiological processes, and, especially, neural entrainment

(Feldman, 2007, 2012). For example, adult participants who align the

rhythm of a joint finger-tapping action (Heggli et al., 2021; Hove &

Risen, 2009; Konvalinka et al., 2014) or students attending to the same
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lesson in the same classroom (Dikker et al., 2017) demonstrate coordi-

nation or similarity in brain activation patterns with each other. Part of

what supports interpersonal coordination among interaction partners

is the concept of synchrony. Social synchrony is a “dynamic process by

which hormonal, physiological, and behavioral cues are exchanged” to

coordinate the timing of social behaviors between partners (Feldman,

2012). Synchrony among communication partners can be observed

in terms of behaviors such as joint engagement in a task, mutual

gaze, and turn-taking. Greater behavioral synchrony during parent–

toddler interactions has been associated with communicative compe-

tence and self-control (Lindsey et al., 2009) andemotion-related social-

ization behaviors (Levy et al., 2017; Levy & Feldman, 2019; Kochan-

ska & Aksan, 2004; Lunkenheimer et al., 2020). Synchrony can also be

assessed via physiological measures such as alignment in levels of cor-

tisol (e.g., Laurent et al., 2017; Pratt et al., 2017), heartbeat rhythms

(Suveget al., 2016), and respiratory rhythms (e.g.,MacNeill et al., 2021).

Synchrony is generally considered to be an important factor in child

development, but our interest in how inter-brain synchrony between

children and parents relates to important outcomes is relatively

new.

Investigation of the neural mechanisms underpinning these syn-

chronous behavioral and physiological changes during parent–child

interactions have only recently begun to be empirically studied in a

developmental context, especially with regard to toddlerhood. Tod-

dlers are transitioning into an increasingly active role in dialogue as

they expand on their linguistic, cognitive, and socioemotional skills, to

communicate more complex needs and intentions to their social part-

ners (Bloom, 1993; Harrist & Waugh, 2002). As such, it is of growing

interest to investigate not only young children’s neural activity when

actively engaged in interactions, as opposed to studying the brain dur-

ing isolated and passive processing of social information, but to investi-

gate dyadic brain-to-brain synchrony during rapid social and language

development in toddlerhood, particularly within the caregiving con-

text (Schilbach, 2010; Schilbach et al., 2013). Specifically, “hyperscan-

ning” research, or themethod of collecting brain data from twoormore

individuals simultaneously, permits researchers to analyze the direc-

tionality of synchronization between parents and their children, with

special focus on the concurrent brain activity during interactions and

play.

Moreover, single participant neuroscience essentially assumes that

the stimuli presented uniquely give rise to the measured brain states,

whereas stimuli that naturally arise from communication in hyperscan-

ning studies are not fixed; rather, they ecologically adapt with every

social or linguistic transaction in a bidirectional manner. In fact, hyper-

scanning research has illuminated novel brain activation patterns that

are otherwise distinct from findings in single-participant paradigms

(Redcay & Schilbach, 2019; Redcay & Warnell, 2018; Schilbach et al.,

2013; Wass et al., 2020). Although this is still a growing field, these

methods and analyses have already been successfully translated for

use with parents and their infants (Krzeczkowski et al., 2020; Wass

et al., 2018), young toddlers (Atzaba-Poria et al., 2017; Liao et al.,

2015), and preschool-aged children (Azhari et al., 2019; Hoyniak et al.,

2021; Nguyen et al., 2020; Nguyen et al., 2021; Quiñones-Camacho

et al., 2020) across fNIRS and EEG measures. Importantly, these stud-

ies have also been able to include childrenwith disabilities, for example,

children with severe physical disabilities who are nonverbal (Samadani

et al., 2021).

However, to our knowledge, no published research to date has

investigated parent–child EEG hyperscanning with young children to

examine brain activation during naturally unfolding complex social

behaviors such as joint engagement. Joint engagement is of particu-

lar interest in relation to brain-to-brain synchrony during parent–child

interaction because it has been established as a key correlate and pre-

dictor of language development (Adamson et al., 2019; Conway et al.,

2018; Trautman & Rollins, 2006). Further, our approach, described

below, is the first to apply a coding scheme to the entirety of the

parent–child interaction, allowing us to analyze EEGduring a variety of

different behavioral states between the parent and the child. The field

has yet to fully explore dyadic brain activity during unrestricted play

with toddlers, especially, and their parents as it naturally unfolds, allow-

ing for even closer ecological validity with behaviors naturally elicited

during parent-toddler interactions. In the next section, we describe our

“Social EEG” paradigm.

2 THE SOCIAL EEG PARADIGM

Here, we introduce the Social EEG paradigm, which was designed to

examine neural activity from toddlers and their parents during face-

to-face, naturalistic interaction. Unlike previous experiments that have

presented social stimuli through video clips or discrete actions per-

formed by experimenters, we aimed to measure neural activity in the

child and parent as it occurs during interaction. We designed contexts

to elicit frequent moments of social interaction, and for contrast, base-

lines without interaction. Acknowledging the fact that it is impossible

to control whether a dyad truly interacts or does not interact, a crucial

feature of this paradigm is the use of microcoding of the dyad’s inter-

action to identify engagement states offline, after data collection. This

approach has several key advantages, including allowing for the analy-

sis of data during truly naturally occurring interaction, examining neu-

ral activity during joint engagement as it is defined in the behavioral

literature (e.g., Adamson et al., 2004), and recording from the parent

and child simultaneously, allowing for additional analysis of inter-brain

synchrony. Further, this approach allows separation of salient states

and actions rather than collapsing across all interactions in a given time

period. This is important, as it allows examinations of variations in syn-

chrony that may be specific to parent–child interaction (Suveg et al.,

2016).

As an overview, the Social EEG paradigm involves the toddler and

parent dyad sitting together, while wearing EEG caps. The researchers

instruct the parent and provide different materials to facilitate the

dyad engaging in different contexts, whichwere designed to elicit vary-

ing levels and types of interaction. The entire session is video recorded

and the video is linked to the EEG recording. Offline after the session,

the video ismicrocoded and the codes are applied back to the EEGdata

for analysis.
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F IGURE 1 Photo of Social EEG paradigm setup

2.1 Social EEG setup procedure

The laboratory space for the Social EEG paradigm includes two adjoin-

ing rooms, one roomwhere the dyad sits and the other roomwhere the

EEGacquisition computer is located.Before theparent and child arrive,

materials are set up to facilitate completing the EEG capping process

as quickly as possible. For a typical session, one research assistant is

solely responsible for controlling the EEG acquisition software from an

adjoining room. Another one to two researchers are present for the

session, depending on the experience level of the researchers relative

to capping young children (van der Velde & Junge, 2020), and consid-

eration of the additional supports that some children may need during

EEG data collection (e.g., due to individual differences in temperament

or restlessness). The research assistant(s) in this role set up the caps,

provide instructions to the parent, and ensure that the child does not

pull on or remove the EEG cap. Regardless of the participant’s level of

comfort with the cap, at least one researcher stays with the child for

the entirety of the session, sitting behind themonce the EEG recording

begins.

During the Social EEG session with 2- and 3-year-old children, the

child sits in a booster chair at a table and the parent sits at a 90◦ angle,

so each are at the corner of the table (Figure 1). This setup allows a sin-

gle camera angle to capture both people’s faces (more so than if they

were sitting directly facing each other), and for the dyad to easily inter-

act face to face (more so than if they were sitting side by side). For the

EEG cap setup, the child is given the option of watching a movie on a

laptop or playing with toys. Next, a researcher explains the EEG setup

to the parent and the parent is encouraged to offer suggestions that

might ensure success and child comfort during the capping process.

The child is familiarizedwith the EEG caps, gel, and plastic syringes and

the process is narrated in child-friendly language. The parent is capped

first, in order to model the process for the child. The child is encour-

aged to touch the cap, plastic syringe, and gel to familiarize themselves

with the process and is enlisted to “help” the researcher place the cap

on their parent’s head or on a teddy bear. Once parent capping is com-

plete, the researchers work to fit the child’s cap and gel the electrodes.

One researcher keeps the child engaged during the capping process

and offers engaging toys if the child becomes restless. The setup pro-

cess is similar between 2-year-old and 3-year-old visits; however, 3-

year-old childrenwho complete the Social EEG a second time as part of

the longitudinal aspect of our larger study are typically more comfort-

able wearing the cap, facilitating the setup process thereby decreasing

setup time.

As the cap is set up, the EEG signal is observed on the acquisition

computer and offset values (indicators of quality of the connection) are

lowered if needed. During the entirety of the paradigm, one researcher

sits in the room behind the child to monitor the child’s hands and keep

the child engaged during transitions between the contexts, in order

to prevent the child from touching or removing the EEG cap. There is

also consideration of the potential influence of the researcher’s pres-

ence in the room on the dyad’s social responses. At the start of the ses-

sion, the parent is instructed to pay as little attention as possible to the

researcher in the room. This is feasible in most, if not all, cases because

the researcher is typically seated on the floor in the corner of the room

out of the parent’s view. The other researcher remains in the adjacent

room to monitor data quality. Once setup is complete, the dyad begins

the four contexts and EEG is recorded during each context, in addition

to the video recording of the dyad interacting. We record from two

identical, interconnected EEG systems and record both the parent and

child’s data intoa single file, ensuringprecise timingalignmentbetween

their data.

2.2 Social EEG paradigm contexts

Various contexts were designed to elicit frequent, spontaneous

moments of interaction between the toddler and their parent, as well

as moments without interaction (including shared and separate foci

of attention for the parent and child) for comparison. The length of

contexts and thus the time of EEG data collection differs, as con-

texts involving more social interaction elicit more speaking and move-

ment, thereby requiring more time to collect enough usable data, com-

pared with contexts that tend to yield less movement and engage-

ment (see description of contexts, below). All materials, such as puz-

zles and books, are placed on the table in front of the dyad within easy

reach.

The four contexts are as follows:

1. Movie (6 min): The dyad watches a child-friendly movie of their

choice together. The parent is instructed to interact as little as pos-

sible with the child; however, the parent is allowed to respond if

their child needs assistance or to redirect them to keep watch-

ing the movie if necessary. The goal of this context is to capture

moments where the dyad attends to the same stimulus but are

not interacting with each other. Because the child often watches a

movie during cap setup, this is a more seamless transition from the

setup and allows the child some additional time to warm up to the

EEG session.

2. Puzzles (8 min): The dyad is given 3–4 age-appropriate puzzles. The

parent is instructed to interact with their child as much as possible,

like they would at home.
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3. Books (8min): The dyad is given a set of books that encourage inter-

action (e.g., peek-a-boo books, books with flaps to look under, etc.).

The parent is again instructed to interact as much as possible, like

they would at home.

4. Movie and forms (6 min): For this context, the child again watches a

movie of their choicewhile the parent fills out a formon a clipboard.

The parent is again instructed to interact as little as possible. This

context is designed to elicit moments where the parent and child

are primarily attending to different stimuli and not to each other.

For the movie contexts, the parent helps select a movie or show

that the child will enjoy (from Netflix or YouTube) in order to maxi-

mize the child’s engagement with the movie, yielding a sufficient num-

ber of epochs when the child is engaged with the movie. Some dyads

choose to continue watching the same movie used during setup and

some chose towatch a differentmovie. Giving children and parents the

option to choose the movie was partly a methodological consideration

for increasing child compliance, particularly after having completed 2–

3 h of behavioral assessments prior to the EEG as part of a larger study.

In parallel, the variety of movies chosen by the child mirror the variety

of naturally occurring differences in social interaction that arise during

the Books and Puzzles contexts. This design consideration is covered

again in the discussion.

Each dyad completes the four contexts in succession, unless child

fatigue or distress warrants a context to be repeated or discontin-

ued. For example, if a child is very active and/or not attending while

watching themovie (reducing available data for the relevant code), the

researcher would try to repeat the movie context once more either

immediately at the end of the paradigm or at the end of the session

to ensure sufficient usable data. If the child is distressed or fatigued,

both ofwhich are undesirable for the family’s enjoyment, but also often

result in poorEEGdataquality, the researcherdiscontinues the context

and consults with the parent to decide the best course of action, which

could include attempting a different context (with the goal of repeating

the discontinued context later) or discontinuing the entire paradigm.

For children with extreme difficulties transitioning between the movie

and interaction contexts (i.e., puzzles and books), the order of contexts

can bemodified accordingly.

2.3 Microcoding of Social EEG session

As described above, the dyads complete various contexts so as to elicit

frequent, spontaneous moments of interaction between toddlers and

their parents, as well as moments without interaction. Because of the

naturalistic design of the paradigm, there are times that children may

have beendistracted or otherwise off-task during any context.We thus

chose to adapt and apply a state-based joint engagement coding sys-

tem that was originally designed to capture naturalistic social interac-

tion between parents and children. The coding system is based on the

state-based joint engagement coding scheme developed by Bakeman,

Adamson, and colleagues (Adamson et al., 2004; Bakeman & Adam-

son, 1984). This coding scheme was designed to characterize a child’s

attention to people and objects, with a focus on parent–child joint

engagement. Whereas measures of joint attention traditionally focus

on discrete child skills such as initiating bids, joint engagement is a

state in which a child and parent are involved with the same object

or activity and reflects both partners contribution to the shared inter-

action (Adamson et al., 2019). Additional codes were developed spe-

cific to this paradigm, such as separate and parallel object engagement,

to describe each person’s attention when the dyad was not primar-

ily interacting with each other. Because the movie and the movie and

forms contexts were designed to elicit the child’s and parent’s atten-

tion to the movie (and then elicit the parent’s attention to the forms

in that context), the object engagement code was most used to note

separate or parallel attention to these objects. Additionally, unlike the

original Adamson and Bakeman team’s coding scheme which did not

focus on the parent’s activity when not interacting with the child, our

coding scheme reflects both partners even when they are not interact-

ing (for example, the child may be watching a movie while the parent is

observing the child). The specific codes and corresponding definitions

and examples are found in Table 1.

Offline, after the EEG session, each interaction is microcoded

using INTERACT software (Mangold, 2020). The coding system allows

for extraction of moments of interest (e.g., joint engagement, object

engagement) and separation into respective conditions for analysis.

Using this event-based coding scheme, research assistants coded the

video of the entire Social EEG recording session into mutually exclu-

sive and exhaustive engagement states; that is, every moment of the

session is assigned to a code. Coders watched the videos and identified

the frame that the transition to an engagement state began and when

that engagement state ended. In order to be coded, engagement states

need to last at least 2 s. If the state lasts fewer than 2 s, a new state

is not coded. After coding is complete, the list of the behavioral states

and their corresponding time (in milliseconds) is exported in order to

be linked to the EEG data.

Before beginning coding, each research assistant is trained and ori-

ented to a codebook and examples of states. Each coder must demon-

strate at least 80% fidelity (i.e., that the correct codeswere usedwithin

1 s of the beginning of the engagement state) across three consecutive

videos coded by the criterion coder (author B. L. M.). Twenty contexts

were also double coded to examine ongoing inter-rater reliability, with

agreement mean = 92.2% of total time (SD = 7.7%). For any context

with < 80% agreement (1 out of 20 contexts), the two coders met to

establish agreement.

2.4 Integrating behavior codes and EEG data for
analysis

An important consideration for this work is time-locking the EEG data

and behavioral codes. Stimulus presentation software is coordinated

with the EEG acquisition computer; the software sends port codes to

the EEG recording computer that is coordinated with stimulus pre-

sentation on a computer screen behind the participants that is visi-

ble in the recording. The screen displays a mark for the onset of EEG
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TABLE 1 Joint engagement coding scheme (Adapted fromAdamson et al., 2004)

Code Description Example

Coordinated joint

engagement

The parent and child were actively engagedwith the same

object and the child was actively and repeatedly

acknowledging the parent’s participation, including with

sustained visual interest or directed language.

The parent and child were jointly engaged in play with a

puzzle, taking turns, and directing eye gaze and language

towards each other.

Supported joint

engagement

The parent and child were engagedwith the same object,

but the child’s engagement was asymmetrical and nearly

exclusively on the object rather than the parent.

The parent and child were playing with a ball; the child took

turns rolling the ball but was focused on themovement

of the ball rather than the parent.

Person engagement The parent and child weremutually and exclusively

engagedwith each other, without any objects.

The parent and child were playing peek-a-boo.

Parallel object

engagement

The parent and child were actively involvedwith the same

object or activity, but without any social interaction.

The parent and child were both looking at the computer

andwatching amovie but were not interacting with each

other.

Separate object

engagement

The parent and child were actively involvedwith different

objects or activities without any social interaction.

The parent was filling out formswhile the child watched a

movie.

Onlooking One partner watched the other partner’s activity without

engaging.

The parent was observing the child as the child watched a

movie or the child watched the parent fill out a form.

Unengaged One partner was uninvolvedwith any objects, people, or

activities.

The parent looked around the room distractedly.

Interruption The studywas interrupted for any reason. The experimenter entered the room to add gel to the

child’s cap.

recording for that context, as well as a time mark after every elapsed

minuteof the context. Coderswatch the videoand identify themoment

the word “begin” appears on the monitor, at which time they begin

behavioral coding. Port codes (i.e., event codes) from the EEG files are

mergedwith behavioral codes from the INTERACT files, and the begin-

ningport code is used to time-lock the files. Although the refresh rateof

the display screen and the frame rate of the video recording will influ-

encehowclosely time locked theEEGandbehavioral codeswill be, data

analysis centers on continuous EEG over seconds-long states, rather

than event-related analysis as is common in ERPwork.

In order to analyze EEG data, the behavioral codes are applied as

events to the EEG file that contains both participants’ data. Artifacts

are first identified and corrected using independent components anal-

ysis (ICA) (separately for each person) and remaining artifacts are

detected and rejected. EEG data are marked with nonoverlapping 1-

s events for epoching and with events corresponding to the behav-

ioral codes (see Figure 2). Some data are discarded, including the first

500 ms of all codes in order to remove the time when the dyad may

not yet be fully in the state, and additional time that does not fit in the

1-s epochs. (For example, for a coded state that lasted 3.83 s, the first

500 ms would be discarded as transition time, three 1-s epochs would

be included in analysis if data were artifact free, then the remaining

0.33 s that do not fit into an epochwould be discarded.)

After this event applying and epoching process, EEG data are pro-

cessed using a relatively typical approach. Epochs corresponding to

each code of interest can be collapsed for analysis. (Codes like “Inter-

ruption” are included so that all moments fit within one of the mutu-

ally exclusive codes, but are not included in analysis.) For example, child

baseline data can be examined from the object engagement epochs in

both the movie and the movie and form contexts. Parent–child syn-

chrony can also be analyzed during various types of behavior as indi-

cated by the codes. For example, we plan to compare child and par-

ent EEG synchrony during moments of joint engagement versus paral-

lel object engagement (no interaction but shared object engagement,

such as in the movie context) and separate object engagement (no

interaction and different object engagement, such as in the movie and

forms context). Crucially, this approach will allow us to disentangle

what degree of brain-to-brain synchronyoccurs because of shared sen-

sory input versus the contribution of naturalistic, social interaction. By

comparing across codes rather than entire contexts, we can extract the

moments of true engagement and combine them for analysis, rather

than averaging across a variety of behaviors within a longer time inter-

val, like an entire context.

3 FEASIBILITY STUDY

To illustrate the feasibility of the Social EEG paradigm, we present data

fromanongoing studyof young children’s languageand socioemotional

development. First,we report thepercent of successful sessions,mean-

ing that the child and parent were successfully capped and completed

all four contexts without significant movement or fatigue precluding

collection of usable data as per visual inspection and session notes.

For dyads without successful completion of all contexts, the reasons

for missing data are provided (Table 3). Second, for a subset of 145

contexts for which data processing is currently complete, the number

and percent of clean epochs after artifact rejection are reported across

timepoint and context (Table 4). Finally, for these 145 contexts, the

number of epochs in each engagement state of interest after artifact

rejection is reported (Table 5).
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F IGURE 2 Schematic representation of EEG data events and separation by code. (a) Continuous EEG data (5 s of continuous data) with parent
electrodes on top and child electrodes on the bottom. Event markers for onset of events and 1-s epochs are indicated by vertical lines. (b)
Demonstration of how the EEG time series data are separated into data that are used for analysis or excluded. Event codes (solid lines)
corresponding to onset of a new behavioral state are added to the EEG file, in order to create 1-s epochs. A 500ms transition period (onset
indicated by dotted line) is excluded, as is the extra time that does not fit cleanly into 1-s epochs. Epochs with remaining artifacts are then rejected,
leaving only artifact-free epochs

4 METHODS

4.1 Participants

Participants were toddlers and their parents who were part of a larger

longitudinal study, TheWhen toWorry Study, focused on earlier iden-

tification of mental health and language disorder risk (e.g., Manning

et al., 2019). Eligibility criteria included that the biological mother was

available for surveys and study participation, therefore almost all par-

ent participants in the sample were mothers (see Table 2). Exclusion

criteria included a diagnosed developmental disability, major develop-

mental delay ormedical diagnosis (e.g., epilepsy) or parent without lan-

guage proficiency to complete study measures in English. All children

also met criteria of hearing English at least 80% of the time at home.

The sample was enriched for children with higher levels of irritability

and who were late talkers (defined as age 19–26 months with vocabu-

lary size below15thpercentile for age and sex on theMacArthur-Bates

communicative development inventories (MCDI), or not yet combining

words).

Participants were recruited from pediatric clinics in the greater

Chicago area, fromcommunity locations andevents, and through social

media. Participants are followed longitudinally andcomplete surveys at

home via online questionnaire, assessments via videochat, and yearly

laboratory visits for behavioral/observation measures and EEG. Par-

ents provided informed consent and families were compensated for

their time. All procedures were approved by Northwestern Univer-

sity’s Institutional Review Board.

4.2 Timepoints and data selection

Study data collection is ongoing. EEG data analyzed here were col-

lected from 186 toddlers aged 24−47 months and their parent at

two timepoints, at age 2 and age 3 years; five participants at the age
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TABLE 2 Demographic characteristics of toddlers and parent participants for Social EEG sessions collected to date, by timepoint

Year 2 Year 3

Toddlers Parents Toddlers Parents

Number of participants 180 180 31 31

Age (mean± SD) 26.9± 1.7months 34.9± 4.7 years 40.3± 2.1months 34.4± 7.2 years

Age range 24–32months 22–46 years 35–45months 20–43 years

Sex (% female) 32.4% 99.4% 35.5% 96.8%

Income-to-needs ratio 5.6± 6.0 6.2± 10.1

Race

Asian 1.1% 3.3% 0.0% 3.2%

Black/African American 16.7% 16.7% 22.6% 22.6%

Native Hawaiian/Pacific

Islander

0.0% 1.1% 0.0% 0.0%

White/Caucasian 67.8% 71.7% 61.3% 67.7%

More than one race 10.0% 0.6% 9.7% 3.2%

Unknown/not reported 4.4% 6.7% 6.5% 3.2%

Ethnicity

Hispanic/Latino 11.1% 8.3% 6.5% 3.2%

Not Hispanic/Latino 88.9% 90.0% 90.3% 93.5%

Unknown/not reported 0.0% 1.7% 3.2% 3.2%

Notes: Income-to-needs ratio is the ratio of the family’s household income to the US census income cutoff for poverty, based on household size. Race and

ethnicity are parent reported. Not all percentages for race sum exactly to 100% due to rounding.

2 timepoint had two EEG attempts in order to get complete EEG data.

To date, 180 sessions for the age 2 timepoint and 31 sessions for the

age 3 timepoint have been collected (n = 216 unique sessions; 25 par-

ticipants have completed both age 2 and age 3 timepoints). Demo-

graphic characteristics of the participants at each timepoint are given

in Table 2. To assess how much clean data remained after artifact cor-

rection, we examined data from 145 successful contexts (collected

from49dyads: 32 at age2, and17at age3),which havebeenprocessed

to date. It is important to note that these contexts were from success-

ful sessions (participants that were successfully capped and completed

all contexts).

4.3 Data collection

Toddlers and their parents completed the Social EEG paradigm

as described above. EEG was recorded using two, linked BioSemi

ActiveTwo Systems (BioSemi B.V., Amsterdam). Active Ag–AgCl elec-

trodes were affixed to elastic caps appropriate for the child and par-

ent’s head sizes (Electro-Cap Inc., Eaton, OH) secured with a fabric

strap under the chin. EEG was recorded from 32 scalp sites from

each participant. The parent was additionally fitted with external ver-

tical and horizontal eye electrodes and right and left mastoid elec-

trodes; very few children in our pilot data tolerated placement of these

electrodes, so they were not used for toddlers in this study. BioSemi

recordings are made in single-ended mode that amplifies the differ-

ence between each electrode site and a common mode sensor elec-

trodewith referencing off-line. The impedances do not need to be low-

ered with this system due to the combination of preamplifiers at each

electrode site, a driven right leg circuit, and high electrical isolation

(Kappenman & Luck, 2010). Offset values were kept below 40mV dur-

ing recording. EEG was recorded with a low-pass hardware filter with

a half-power cutoff at 104 Hz and digitized at 512 Hz with 24 bits of

resolution. Data collection occurred at the end of the laboratory visit,

after approximately 2–3 h of other developmental assessments. (This

visit order was chosen so that with the gel-based system used for EEG,

children and parents did not need to complete the rest of the visit with

gel in their hair or wet hair.)

4.4 EEG preprocessing, event merging, artifact
correction, and artifact rejection

Data were processed using EEGLab 14.1.1 (Delorme & Makeig, 2004)

and ERPLab 7.0.0 (Lopez-Calderon & Luck, 2014) software packages

run in MATLAB R2019b. Data were imported, referenced to electrode

Cz, and high-pass filtered at 0.1 Hz (half-power cutoff). Channels with

consistently poor connection or excessive artifacts were interpolated

with the average of surrounding channels using the spherical interpo-

lation function in EEGLab; this approach was used sparingly to pre-

serve the original data as much as possible. The list of event codes

corresponding to the behavioral microcoding was merged with the list
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of event codes corresponding to the EEG data (based on the event

codes existing in the file at the start of recording and for every elapsed

minute). This merged eventlist was then imported into the continuous

EEG data file.

Data were then separated into 1-s epochs; the first 500 ms of each

code interval was discarded to account for the transition between

engagement states (see Figure 2). Remaining time that did not fit into

the 1-s epoch interval was also discarded. For example, an instance

of joint engagement behavior that lasted 25.8 s may result in a series

of epochs as follows: six clean epochs, four artifact epochs, 10 clean

epochs, and five artifact epochs. Thus, the longest segment of con-

tinuous EEG from this one behavior code would be 10 s. In theory,

the shortest continuous segment of EEG analyzed in a given instance

of a state could be just 1 s (though behavioral codes lasted at least

2 s).

Eye blinks and horizontal eye movement artifacts were identi-

fied and corrected using independent component analysis in EEGLab.

The moving window peak-to-peak function in ERPLab and the linear

trend/variance function in EEGLab were used to reject remaining tri-

als with artifact (including muscle activity and head/body motion). The

moving window peak-to-peak function was most effective for detect-

ing sharp artifacts, and the linear trend/variance function was most

effective for detecting drift when needed. Thresholds were set individ-

ually and accuracy of artifact rejection was visually confirmed for each

subject (Luck, 2014). Themainmovingwindowpeak-to-peakamplitude

threshold used ranged from 130 to 180 µV for the child data and 100

to 160 µV for the parent data.

5 RESULTS

5.1 Child and parent EEG success rates from
Social EEG

We first assessed success rates across the Social EEG contexts, with

“success” being defined as the dyad being able to be successfully

capped and then completing all four contexts without excessive move-

ment or fatigue affecting the data (per visual inspection). Based on

our pilot work, these successful sessions were anticipated to result in

at least 30 artifact-free, 1-s epochs per condition, which is a common

minimum amount of data in previous studies to ensure reliability (e.g.,

McEvoy et al., 2015; Salinsky et al., 1991). EEG files not considered

usable at the time of data collection (due to capping trouble, excessive

movement, etc.) were not further processed.

A high percentage of individuals, 84% of children and 82% of par-

ents, had a successful movie context, which is most similar to typical

resting state or baseline EEG paradigms. Furthermore, 83% of children

and 81% of parents had a successful movie context and at least one

social interaction context (i.e., puzzles or books), which allows for com-

parison of naturalistic social interaction to baseline movie-watching

akin to previous studies of manipulated social contexts. Finally, data

quality was typically good across all four contexts; 72% of dyads suc-

cessfully completed all four contexts with usable data for both the

TABLE 3 EEG data usability and reasons for data loss for all dyads
(n= 216)

n %

Session usable 156 72.0%

EEG not attempted due to time constraint or

parent declining

6 2.8%

Child refused cap, gelling, or could not sit in

chair

8 3.7%

Parent could not be capped due to wig or hair

extensions

7 3.2%

Could not get usable connectionwith child scalp 0 0%

Could not get usable connectionwith parent

scalp

7 3.2%

Extremely poor data quality and/or

discontinued contexts due to child factors

(movement, fatigue, etc.)

15 6.9%

Extremely poor data quality and/or

discontinued contexts due to child factors

(movement, fatigue, etc.)

3 1.4%

Child removed cap during session 19 8.8%

Notes: Some dyads had more than one reason that data were unusable, so

percentages sum to more than 100%. Data are considered per dyad across

all four contexts.

parent and child (see Table 3). Overall, these feasibility data indicate

potential for comparing conditions of interest. To obtain these data,

some contexts were repeated. At the age of 2 years, 9.7% of con-

texts overall were repeated (17.4% of movie, 8.6% of puzzle, 4.3% of

book, and 7.2% of form). At the age of 3 years (with fewer sessions

complete overall to date), 13.9% of contexts were repeated (26.2%

of movie, 18.4% of puzzles, 3.1% of books, and 3.1% of movie and

forms).

We also examined reasons for unsuccessful sessions. Themost com-

mon reasons a child did not provide data for all contexts were removal

of the cap (8.8%) or excessive movement during EEG (6.9%). In 2.7%

of cases, the parent declined to complete the entire EEG portion of the

study, often due to time constraints. Themost common reason a parent

did not have a successful session was due to having a wig or hair exten-

sions incompatible with the cap (3.2%) or trouble getting a connection,

often because of amount or thickness of hair (3.2%); thus, the initial n

for children’s data is higher than the initial n for parents’ data. If the

child could be capped but the parent could not (e.g., due to hairstyle),

the EEGdata collection session continued and only child datawere col-

lected. If child could not be capped but the parent could (e.g., due to

child behavior), we did not continue the EEG session. Of the dyads con-

sidered for these initial feasibility analyses, 26participated in theSocial

EEG paradigm at both the age of 2 years and 3 years to date as part of

the longitudinal aims of the larger study.Of these 26 dyads, 18 children

(69.2%) had usable data for all contexts at the age of 2 and 3 years; 16

parent–child dyads (61.5%) had usable data when children were 2 and

3 years old.
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TABLE 4 Number and percentage of usable 1-second epochs for child data and combined child and parent data by context and timepoint

Child-only data Child and parent data

n

Mean (SD) #

of usable

epochs

Mean% of

usable epochs

Mean (SD) #

of usable

epochs

Mean% of

usable epochs

Timepoint

Age 2 114 220 (90) 56% 160 (83) 41%

Age 3 31 268 (80) 68% 218 (67) 57%

Context

Movie 48 197 (82) 60% 170 (77) 52%

Puzzles 25 252 (103) 53% 175 (104) 41%

Books 45 261 (90) 57% 172 (86) 36%

Movie and forms 27 216 (66) 64% 174 (66) 52%

Note: This table represents 145 successful contexts that have been artifact-rejected from 49 dyads. Timepoint data are collapsed across contexts for each

age; context data are collapsed across ages.

5.2 Preliminary rates of usable epochs after
artifact rejection per context and timepoint

The number and percent of usable epochs after event-merging and

artifact correction and rejection is reported in Table 4 for a subset of

145 contexts (from 49 participants) in which data have been fully pro-

cessed. These data do not fully represent the data collected to date, as

they are a small subset drawn from dyads with successful sessions (as

definedabove) for preliminary analyses; data fromdyadswhocouldnot

successfully complete the EEG paradigm were not further processed.

Each context yielded a large number of usable epochs for both the child

andparent; on averagemore than50%ofdata collected, andevenmore

usable epochs when only data from the child were considered (as this

can be analyzed on its own, aswell). The paradigmwas the same at both

timepoints, but the mean number of usable epochs per context was

higher for 3-year-olds (268 usable child epochs, 218 usable child and

parent epochs) than 2-year-olds (220 usable child epochs, 160 usable

child and parent epochs).

5.3 Preliminary rates of usable epochs per
engagement code

Last, we also examined the number of usable parent and child epochs

after artifact rejection in the engagement codes of interest for each

context (Table 5). This is important because each context was designed

to elicit varied codes, and we required at least 30 usable epochs

per condition for analysis based on previous literature. Overall, there

were sufficient usable epochs needed to examine engagement codes

either within a single context or by combining across multiple con-

texts depending on researchquestions of interest.Onaverage, the puz-

zles and books contexts each yielded approximately 150 usable par-

ent and child epochs coded as person engagement/joint engagement.

Therewere, on average, 149 usable parallel object engagement epochs

TABLE 5 Mean usable combined parent and child 1-s epochs by
engagement code

Context

Person/joint

engagement

Parallel object

engagement

Separate

object

engagement

Movie 4 (9) 149 (70) 1 (4)

Puzzles 155 (92) 0 (0) 3 (14)

Books 154 (89) 0 (2) 2 (9)

Movie and

forms

0 (2) 19 (29) 123 (79)

Notes: Data are presented as mean (SD). This table represents 145 success-

ful contexts that have been artifact-rejected from 49 dyads.

in the movie context and 123 separate object engagement epochs in

themovie and forms context.

6 DISCUSSION

Here, we describe the rationale for studying the developing brain using

methods that are naturalistic and reflect the real-world situations

that children experience. We describe a novel naturalistic Social EEG

paradigm that allows examination of naturally occurring parent–child

interactions formative for early cognitive, social, and languagedevelop-

ment. Finally, we provide initial feasibility data from an ongoing study

of toddlers and their parents relative to the Social EEG paradigm.

A largeproportionof participating toddlers andparents successfully

completed the Social EEG paradigm, and preliminary analyses indicate

that this paradigm yields high numbers of usable epochs, evenwith rel-

atively strict artifact detection procedures employed. Previous work

has demonstrated attrition rates for EEG studies as high as 30–45%

in toddlers aged 2–3 years (Bell & Cuevas, 2012). Successful EEG data

collection in toddlers can be especially difficult as children must be
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tolerant of cap fitting, electrode application, and become relatively

habituated to the cap in order to sit still during data collection. Our

rate of successful child EEG recordings (84% of children) for the movie

context, which is most similar to typical resting state or baseline EEG

paradigms, is highly comparable with a previous study showing that

approximately 85% of 3-year-olds’ EEG sessions are successful (i.e.,

have more than 25% of data included from a 6- to 7-min recording)

while the child watches amovie (van der Velde & Junge, 2020).

Notably, the vast majority of the children in our sample completed

the EEG at the end of behavioral assessment visit lasting over 2 h. Our

study’s use of engaging, naturalistic tasks, as well as relatively long

intervals of data collection per context, are helpful in avoiding the chal-

lenges that some other studies face, such as children being able to

understand and willing to follow task instructions and looking at a cer-

tain person or screen. We also suggest that the toddler is able to see

their parent as a model wearing the EEG cap; this may have encour-

aged some children who would be hesitant or unhappy about wearing

the cap to complete the session. There are some additional factors that

may account for the fact that about 15% of children did not success-

fully complete the paradigm due to removing the cap or becoming too

frustrated to continue.We had a higher rate of irritable children in this

sample by design, and previous work indicates that children with neg-

ative temperament are less likely to complete an EEG paradigm (Mar-

shall et al., 2009).

6.1 Considerations and limitations of Social EEG

Despite the advantages of the Social EEG approach, there are some

notable limitations. Because our goal was to capture neural corre-

lates of naturalistic parent–toddler interaction via behaviorally defined

states such as joint engagement, we used a gold-standard behavioral

coding scheme, adapted for engagement state between the parent and

child. This method can be more time consuming in terms of coding

and processing than traditional baseline or passive-viewing paradigms.

Indeed, any type of detailed coding can be time consuming. After

this initial validation and for those interested in other research ques-

tions, future work could be considered if similar information could be

obtained bymore streamlined coding or global measures such as a rat-

ing scale. We felt that starting with an established and detailed cod-

ing schemewas the bestway to start on applying coding to interactions

during EEG.

In order to maximize our ability to capture behaviors of interest

during naturalistic interactions, we did not present standardized stim-

uli and instead used the state-based coding to identify moments of

interest from natural interaction. This has many advantages includ-

ing capturing more true-to-life behavior, but inevitably also reflects

some variability (differences among movie choice, puzzle choice, book

choice, etc.). However, the behaviors or states of interest (e.g., joint

engagement, object engagement) are precisely defined and the focus

of analytic comparisons. This is a markedly different approach than

many studies that closely control stimuli but do not code for behav-

ioral engagement. Beyond the rationale of aligningwith our study aims,

this approach also has the methodological advantage of being more

feasible for young children and children with disabilities to complete.

This “baseline” in someways aligns with previous studies that aimed to

have a relatively neutral context for comparison with other states or

stimuli, but because we are not focused on comparing baseline across

children, it also differs. Overall, it is important that researchers con-

sider that there may be more differences than similarities across rest-

ing paradigms (Camacho et al., 2020).

Processing dyadic EEG data requires artifact correction and rejec-

tion from two participants, which requires adaptation of EEG pro-

cessing pipelines and consideration of new factors. Though our design

employing the various contexts seems to provide sufficient numbers

of clean epochs within each code for analysis (Table 5), there are some

new analytic considerations for this paradigm in which events of inter-

est (given instances of a behavior code) vary in length. We selected a

minimum state duration of 2 s for the behavior coding, consistent with

existing behavioral coding schemes; however, within an instance of a

given code, the duration of the code can be interrupted by artifacts,

creating varying numbers of consecutive usable 1-s epochs within a

state. Our current EEG processing pipeline utilizes ICA to correct com-

mon artifacts (e.g., eye blinks) in order to retain as much usable data as

possible. We are currently also examining processing pipelines devel-

oped for child data (e.g., Debnath et al., 2020; Gabard-Durnam et al.,

2018) that use more extensive artifact correction in order to retain

larger segments of continuous EEG data, which may be optimal for

more complex parent–child synchrony analyses. The optimal number

of consecutive events for EEG analysis is not yet clear; future studies

may examine stability or reliability of EEGmeasures in relation to these

indices.

Fitting toddlers and parents with caps simultaneously is challeng-

ing and requires trained research assistants familiar with working

with children. Furthermore, one broad consideration with EEG is the

requirement to wear a cap with gel, which is more difficult when

participants have very thick or curly hair, and sometimes not pos-

sible when wearing wigs or hair extensions; these difficulties are

noted in our usability data. These hair types tend to be more com-

mon in Black/African American individuals; ensuring that individuals

are treated equitably and represented in research is a important con-

sideration across EEG research (Choy et al., 2021). We work with

families as much as possible to schedule visits around times when

getting gel in their hair is less inconvenient (such as right before

their hair is scheduled to be washed, styled, braided or rebraided,

etc.) or by only collecting child EEG or only other non-EEG study

measures.

6.2 Clinical relevance

More interactive and naturalistic EEG paradigms with fewer instruc-

tions and restrictions (i.e., not requiring that the child sit still and

watch stimuli on a screen) and a more engaging task, such as free play

with a parent, could alleviate some of the challenges that arise when

collecting brain data from toddlers. This is especially important for
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children that may need additional support during EEG data collection,

such as children with sensory sensitivities (e.g., many children on the

autism spectrum), or those who have difficulty following task instruc-

tions, including children with limited verbal and/or cognitive abilities.

In the future, if naturalistic EEG markers that correspond to complex

social behaviors can be identified, these markers may help to identify

which children may go on to develop disorders and which may most

benefit fromearly intervention (Dawson et al., 2012; Jeste et al., 2015).

Interpersonal synchrony is also amajor area of interest for researchers

studying autism, which is characterized by difficulties with social com-

munication (McNaughton & Redcay, 2020; Rolison et al., 2015) in diag-

nosed individuals as well as family members, who may share broader

autism phenotype characteristics (Nayar et al., 2018). The present

paradigm has the advantage of simultaneously capturing parent and

toddler behavior, which can provide crucial information for tailoring

interventions, such as whether some social skills or perceptions may

be present in the absence of overt behaviors. Because children are

assessed and receive treatment for various developmental disorders

including autism, language disorders, and mental health conditions in

naturalistic, interactive contexts with an adult, understanding how the

brain functions in these dyadic interactions may inform clinical assess-

ment and practice. Adaptations for clinical feasibility will be an impor-

tant aspect of pragmatic refinement of the paradigm.

6.3 Future directions

Our next steps are to assess the degree to which our behavioral codes

reflecting engagement state align with well-validated patterns from

more structured studies, for example, the finding that alpha power

suppression is associated with increased attention (Perry et al., 2011),

and to determine if examining neural markers of joint engagement as

defined by the behavioral literature gives us a more detailed look at

these constructs. Subsequent planned work will examine EEG metrics

of child engagement with their parent (e.g., alpha, mu, and theta power

during joint engagement versus separate object engagement), as well

as parent–child neural synchrony, and how these indices may relate

to child growth in language, cognition, and socioemotional skills. We

hypothesize that strong parent–child neural synchrony may support

development and perhaps serve as a protective factor for childrenwho

have high irritability or who have delayed language.

Another dimension to consider is affect and irritability in relation

to socioemotional development. For each instance of a state, we also

have sub-codes for frustration and affect (negative, positive, neutral).

Analyzing these data may allow additional comparisons with existing

paradigms.We also have collected an additional, experimental context

of frustration induction; in this context, the experimenter shows the

dyad an enticing toy, a child-friendly tablet. The tablet has a small hid-

den switch that allows it to be turned off, before it is handed to the

child. The nonfunctioning tablet is given to the child, and then multi-

ple rounds of handing it back to the experimenter (who flips the switch

and shows it to be working), and back to the child, are completed. We

plan to analyze this task in the future.

One of our fundamental questions is how joint engagement is

related to parent–child neural synchrony; certainly, a dyad who

appears more “in sync” may demonstrate similarities on a neural level.

However, we must also take into consideration that shared sensory

input alone may be reflected in the brain. We have designed the movie

and the movie and forms contexts to tease apart moments when a

dyad is not interacting but sharing a stimulus (audio and video from

themovie) andwhen they are neither interacting nor sharing a primary

visual stimulus. These data could help answer how much inter-brain

synchrony is really explained by shared joint engagement, as opposed

to the overlap in processing the same sensory stimuli.

There are also multiple measures for assessing neural synchrony

that canbeexplored; power similarity is oneway (Bowyer, 2016). Phase

synchronywithin a given power band is anothermeasure of inter-brain

synchrony. Because phase synchrony is meaningfully compared only

within the same frequency band, this can be challenging for parent–

child studies in which the frequency band shifts over development. For

example,with thealphabanddefinedas6–9Hz in childrenand8–13Hz

in adults, phase synchrony could be compared at 8–9 Hz. There are

yet other measures related to coherence, and even Granger causality,

which can be used to infer causal relations between one person and the

other (e.g.,Wass et al., 2018).

Future studies should consider assessing various other dimen-

sions of caregiver–child interactions. For example, including more

fathers in studies of parent–child interactions would be informa-

tive, especially when interested in inter-brain synchrony and poten-

tial genetic influences between parent and child neurobiology, as

paternal and maternal effects may differentially affect child outcomes

(Riva et al., 2019). The flexibility and naturalness of the Social EEG

paradigm mean that the myriad factors that may affect the behav-

ioral manifestation of caregiver–child interaction, such as culture,

child age, and family risk and protective factors (stress, depression,

warmth, responsiveness), andmanymore (Morris et al., 2020), could be

examined.
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