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Dyadic behavioral synchrony between behaviorally inhibited and 
non-inhibited peers is associated with concordance in EEG frontal Alpha 
asymmetry and Delta-Beta coupling 
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A B S T R A C T   

Behavioral synchrony during social interactions is foundational for the development of social relationships. 
Behavioral inhibition (BI), characterized by wariness to social novelty and increased anxiety, may influence how 
children engage in moment-to-moment behavioral synchrony. EEG-derived frontal Alpha asymmetry and Delta- 
Beta coupling reflect approach-avoidance behavior and emotion regulation, respectively. We examined the 
relation between intradyadic behavioral synchrony in energy levels and peer gaze, BI, and EEG measures (N =
136, 68 dyads, MeanAge = 10.90 years) during unstructured and structured interactions. Energy levels were 
negatively synchronized when both children exhibited right Alpha asymmetry. If either child exhibited left Alpha 
asymmetry, the dyad exhibited more positive synchrony. Peer gaze was less synchronized during the unstruc-
tured task with left Alpha asymmetry. Greater positive Delta-Beta coupling in BI children was associated with 
more peer gaze synchrony. Peer gaze was asynchronous when BI children exhibited negative Delta-Beta coupling 
and their partner exhibited positive coupling.   

Behavioral synchrony is marked by the spontaneous temporal coor-
dination of actions between people (Mayo & Gordon, 2020). Synchrony 
can range from positive coordination (i.e., the presence of one action is 
matched by the dyadic partner) to negative covariation (i.e., the pres-
ence of an action is matched by the opposing action), or show no stable 
relation (i.e., asynchronous action). Behavioral synchrony is a dynamic 
mechanism underlying both individual instances of social behavior and 
broader patterns of social development (Wass et al., 2019), with out-
comes determined by the directionality, strength, length, and frequency 
of the interaction, as well as the specific behaviors in question. The 
current study focuses on interpersonal concordance among children 
characterized for a temperamental trait, behavioral inhibition, linked to 
broad profiles of social functioning and distinct trajectories of socio-
emotional development. In doing so, we also examine the extent to 
which neural correlates of approach-withdrawal behavior and emotion 
regulation are associated with dyadic-level variation in concordance. 

1. Behavioral synchrony and building social relationships 

Previous work suggests that coordination in affect (Lobo & 

Lunkenheimer, 2020), gaze (Farran & Kasari, 1990; Feldman, 2007), 
and contingent responding during open-ended interactions and 
goal-oriented tasks (Lunkenheimer, Ram, Skowron, & Yin, 2017) may 
facilitate positive social interactions and the emergence of adaptive 
social competencies over time. A large literature has examined the role 
of parent-child behavioral synchrony, particularly in relation to the 
development of self-regulation (Davis, Bilms, & Suveg, 2017; Feldman, 
Greenbaum, & Yirmiya, 1999; Lobo & Lunkenheimer, 2020; MacLean 
et al., 2014). Broadly, positive parent-child synchrony, defined as 
greater positive correlations in behavior and affect during an interac-
tion, is associated with more effective and efficient self-regulation by 
young children in the moment and across time (Bornstein et al., 2013; 
Lunkenheimer, Olson, Hollenstein, Sameroff, & Winter, 2011). 

As children mature and expand their social networks, interactions 
with peers afford further opportunities for the development of regula-
tory processes and social competencies, taking on greater prominence in 
middle childhood and into adolescence. Indeed, behavioral synchrony 
during peer interactions is related to the development of empathy 
(Xavier, Tilmont, & Bonnot, 2013) and prosocial behaviors (Tunçgenç & 
Cohen, 2018), both of which support adaptive social functioning. 
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Although behavioral synchrony may be detrimental in negative con-
texts, such as harsh parenting environments (Lunkenheimer et al., 
2017), behavioral synchrony in neutral and positive contexts appears to 
enhance the internalization of specific social processes (e.g., joint 
attention, contingent responding, collaboration) that support adaptive 
socialization and social learning (Davis et al., 2017). 

Most current work examines synchrony within established relation-
ship pairs (i.e., parent-child, romantic partners, and friends). However, 
even strangers exhibit behavioral synchrony during initial social in-
teractions (Vacharkulksemsuk & Fredrickson, 2012). Furthermore, an 
individual’s reported desire to cultivate a relationship with a stranger is 
associated with greater synchrony in movement throughout an initial 
social interaction (Fujiwara, Kimura, & Daibo, 2020). In the context of a 
novel social interaction, an effort to synchronize with an interaction 
partner may promote social bonding (Launay, Tarr, & Dunbar, 2016) as 
individuals work to secure social relationships and expand their social 
networks. 

2. Behavioral inhibition and behavioral synchrony 

Systematic individual differences in how children and adults expe-
rience social interactions may influence the magnitude and efficacy of 
behavioral synchrony in a given interaction. Behavioral Inhibition (BI) is 
a temperament profile characterized by shy, fearful, and hypervigilant 
responses to novel social situations (Garcia-Coll, Kagan, & Reznick, 
1984). Early precursors of behavioral inhibition can be identified in the 
first months of life by high motor reactivity and negative affect (Fox, 
Snidman, Haas, Degnan, & Kagan, 2015). Children who retain a profile 
of behavioral inhibition are more likely to show avoidance and fear of 
novel toys and strangers as toddlers (Kagan, Reznick, & Snidman, 1987), 
display shyness and negative affect in novel social situations as young 
children (Rubin, Burgess, & Hastings, 2002), and have fewer positive 
interactions with school peers (Bohlin, Hagekull, & Andersson, 2005). 
Behavioral inhibition in early life is associated with more reticence 
when engaging with novel peers during early childhood (Degnan et al., 
2014) as well as greater neural and emotional sensitivity to peer feed-
back during adolescence (Guyer et al., 2014). 

Early emerging patterns in how behaviorally inhibited children 
process and engage with their social world may become entrenched over 
time (Guyer & Jarcho, 2018; Jarcho & Guyer, 2018), hindering chil-
dren’s abilities to even make eye contact or start conversations with a 
peer in the most extreme cases. Indeed, longitudinal studies demonstrate 
that children with a history of behavioral inhibition who retain their 
social reticence into adolescence are seven times more likely to develop 
social anxiety disorder (Clauss & Blackford, 2012). The distinct social 
profile reflected in behavioral inhibition may influence the behavior of 
interaction partners, as they react to and reflect signals from their 
inhibited partner. Opportunities for behavioral synchrony may be 
missed if behaviorally inhibited children inadvertently cause confusion 
for the interaction partner or appear disinterested in interacting. 
Non-inhibited children may find it difficult to interpret a behaviorally 
inhibited child’s social cues and find themselves confused about how to 
proceed. The level of confusion or discord may vary with the specific 
situation, such as rote or scripted tasks versus open-ended or unstruc-
tured interactions. Indeed, recent work indicates that anxiety behaviors 
are heightened and social skills are deployed less effectively by adoles-
cents during unstructured interactions compared to structured in-
teractions with unfamiliar peers (Glenn et al., 2019). 

Much of the literature examining social behavior in behaviorally 
inhibited children has relied on static scores created by aggregating 
mean values over fairly wide time epochs (Buss & McDoniel, 2016). 
However, recent work suggests that capturing the temporal dynamic 
patterns of behavior with fine-grained time series data can reveal subtle 
variation in the time-course and functioning of reactive and regulatory 
mechanisms (Benson, Ram, & Stifter, 2018; Morales et al., 2018). For 
children high in behavioral inhibition, difficulty engaging in core 

aspects of social interactions, such as making eye contact and contingent 
responding, may inhibit opportunities to establish dyadic behavioral 
synchrony with peers. Fewer synchronous interactions may lead to dif-
ficulties establishing social relationships, thus shaping broader patterns 
of socioemotional development and anxiety risk. Indeed, restricted or 
fragile social relationships are independent risk factors for social reti-
cence and social anxiety (Levula, Harré, & Wilson, 2018; Rubin, Bar-
stead, Smith, & Bowker, 2018). 

3. Neural markers associated with behavioral synchrony 

Although behavioral inhibition is a strong predictor of future diffi-
culty with social interactions and social anxiety, not all behaviorally 
inhibited children show worrisome functional impairment (Degnan & 
Fox, 2007). The extensive behavioral inhibition literature has identified 
additional risk factors, particularly during middle childhood, that may 
reinforce reticent tendencies and mark children at greatest risk for dif-
ficulties in creating social relationships and building a strong social 
network. With respect to social behavior, neural markers of individual 
differences in approach-avoidance motivation, as captured by frontal 
EEG Alpha asymmetry (Coan & Allen, 2003, 2004), and emotion regu-
lation, captured in Delta-Beta coupling (Knyazev, Schutter, & van Honk, 
2006), may be associated with variations in behavioral synchrony in the 
moment. 

Frontal EEG Alpha asymmetry at rest reflects broad motivational 
patterns that shape how an individual interacts with their environment 
(Coan & Allen, 2004). For example, right frontal EEG Alpha asymmetry 
is related to withdrawal tendencies and behaviors, whereas left frontal 
EEG Alpha asymmetry is related to approach tendencies and behaviors 
(Coan & Allen, 2003). Naturalistic observations during peer play sup-
port this model, showing that children who display more approach be-
haviors and social competencies also exhibit more left frontal EEG Alpha 
asymmetry at rest, whereas children who display more withdrawal be-
haviors exhibit more right frontal EEG Alpha asymmetry (Fox et al., 
1995). However, emotional context may additionally influence state 
changes in underlying biological predispositions (Coan, Allen, & 
McKnight, 2006). For example, individuals generally exhibit a shift from 
greater left frontal EEG Alpha asymmetry to greater right frontal EEG 
Alpha asymmetry when moving from a low stress to a higher stress 
experience (Lewis, Weekes, & Wang, 2007). Additionally, heighted right 
frontal EEG Alpha asymmetry in the presence of a stressor may be 
further exacerbated in individuals with anxious predispositions (Cole, 
Zapp, Katherine Nelson, & Pérez-Edgar, 2012). 

Frontal EEG Alpha asymmetry also modulates the relation between 
fearful temperament and socioemotional behaviors. For example, in-
fants high in negative affect and reactivity at 4-months who also display 
right frontal EEG Alpha asymmetry at 9-months exhibit more contem-
poraneous withdrawal behaviors in novel social situations, whereas 
infants high in positive affect and left frontal EEG Alpha asymmetry 
exhibit more approach behaviors (Hane, Fox, Henderson, & Marshall, 
2008). Additionally, infants exhibiting higher negative affect and more 
right frontal EEG Alpha asymmetry at 9-months later exhibit more social 
wariness at 4-years (Henderson, Fox, & Rubin, 2001). Although the 
current evidence highlights the ways in which approach-avoidance 
motivation is associated with higher order profiles of social reticence 
and withdrawal, it may also be linked to more granular social charac-
teristics, such as moment-to-moment behavioral synchrony throughout 
a social interaction. 

Delta-Beta coupling refers to the synchronized activity of EEG brain 
oscillations in the Delta and Beta frequency bands (Knyazev et al., 
2006), usually measured by the statistical correlation between Delta and 
Beta relative power. Evolutionary theories of brain oscillations (Knya-
zev, 2012) postulate that slow-wave activity (e.g., Delta) reflects 
subcortical systems linked to reward and emotion (Schutter & Knyazev, 
2012), while fast-wave activity (e.g., Beta) reflects higher-order cortical 
systems linked to cognitive control and regulation of subcortical systems 
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(Engel, Fries, & Singer, 2001). Positive coupling of Delta and Beta os-
cillations is thought to reflect cortical networks functioning in a coor-
dinated manner to inhibit or regulate arousal in subcortical networks 
(Knyazev, 2012). Conversely, decoupling of Delta and Beta oscillations 
has been linked to synthetic administrations of testosterone as well as 
high basal testosterone levels, which reflect physiological states of fear 
suppression and disinhibition (Miskovic & Schmidt, 2009). Taken 
together, these studies suggest that Delta-Beta coupling may reflect 
cross-talk between subcortical and cortical networks. The strength and 
directionality of the coupling may vary with shifts in overt regulatory 
state or underlying regulatory mechanisms. Thus, the initial data suggest 
that Delta-Beta coupling can be used as a neural marker of emotion 
regulation. 

While this functional interpretation of Delta-Beta coupling continues 
to be empirically tested, several studies now indicate that heightened, 
positive Delta-Beta correlations are associated with social anxiety (De 
Pascalis, Vecchio, & Cirillo, 2020; Knyazev et al., 2006; Miskovic et al., 
2011). The suggestion is that whereas moderate levels of positive 
coupling is indicative of flexible and adaptive emotion regulation, 
over-coupling between these systems reflects the rigid, over-controlling, 
and ruminating tendencies often seen in socially fearful and avoidant 
phenotypes (Degnan & Fox, 2007). Behavioral inhibition is also asso-
ciated with rigid behavioral patterns (Henderson & Wilson, 2017; 
Pérez-Edgar et al., 2018), leading researchers to explore potential as-
sociations between this temperament profile and Delta-Beta coupling. 
Early data suggest that heightened positive Delta-Beta coupling is 
associated with shyness, temperamental risk, and anxiety in children 
(Anaya, Vallorani, & Pérez-Edgar, 2020; Poole & Schmidt, 2019; Poole, 
Anaya, & Pérez-Edgar, 2020). Novel social encounters require that 
children process new information regarding the social partner in real 
time and flexibly shape their own behavior in order to effectively sup-
port the dynamic social interaction. Variation in neural correlates of 
emotion regulation, captured in the dynamic coupling of Delta and Beta 
power, may therefore influence moment-to-moment behavioral 
regulation. 

4. The current study 

In the current study, we examine behavioral synchrony throughout a 
naturalistic peer interaction during middle childhood. Despite emerging 
evidence linking frontal EEG Alpha asymmetry and Delta-Beta coupling 
to socially fearful and inhibited phenotypes (Harrewijn, van der Molen, 
van Vliet, Tissier, & Westenberg, 2018; Harrewijn, Van der Molen, & 
Westenberg, 2016; Miskovic et al., 2011), to our knowledge no study has 
tested the link between these neural measures and dyadic states of 
behavioral synchrony captured during actual social interactions. Previ-
ous studies support strong links between behavioral inhibition and poor 
peer engagement. Dyadic synchrony may represent the active temporal 
conduit of social engagement, ‘carrying’ social interaction from moment 
to moment and shaping the broader higher-order patterns typically 
observed when behaviorally inhibited children interact with their peers. 

Our first goal was to characterize dynamic peer social interactions by 
modeling behavioral synchrony in peer gaze and energy levels as 
intradyadic processes. These channels were chosen to reflect broad be-
haviors (i.e., energy level) and micro-level social signals (i.e., peer gaze). 
They were coded separately at the level of the individual and the tem-
poral match with the partner was then examined analytically after the 
fact to assess interpersonal synchrony. We paired children high in 
behavioral inhibition with a non-behaviorally inhibited (BN) peer given 
the known influence of behavioral inhibition on social interactions 
(Degnan et al., 2014). Pairs were unfamiliar with one another, allowing 
us to assess an interaction that should encourage efforts for social 
bonding and social network expansion (Launay et al., 2016), which have 
been associated with higher levels of behavioral synchrony (Fujiwara 
et al., 2020). Furthermore, the dyads engaged in both an unstructured 
(e.g., Get to know you) and structured (e.g., Cooperative goal-driven 

task) interaction allowing us to assess if contextual factors altered 
levels of behavioral synchrony. We hypothesized that intradyadic syn-
chrony would be stronger during the structured interaction, which 
provided instructions for cooperation and a shared goal, and could 
potentially scaffold behaviorally inhibited children to engage with their 
peers. 

Our second goal was to test the extent to which individual differences 
in neural markers of approach-avoidance motivation (frontal EEG Alpha 
asymmetry) and emotion regulation (Delta-Beta coupling) were associ-
ated with each channel of behavioral synchrony. Additionally, we pre-
dicted that right frontal EEG Alpha asymmetry, especially in 
behaviorally inhibited children, would be associated with lower intra-
dyadic synchrony. Finally, based on the link between heightened Delta- 
Beta coupling and more rigid emotion regulation and behavior, we 
predicted that stronger, positive Delta-Beta coupling would also be 
associated with lower intradyadic synchrony. 

5. Method 

Data were derived from the baseline visit of a larger project exam-
ining temperament, attention, and anxiety in children. The recruitment 
details and main findings of the project have been reported elsewhere 
(Liu, Taber-Thomas, Fu, & Pérez-Edgar, 2018). The Behavioral Inhibi-
tion Questionnaire (BIQ; Bishop, Spence, & Mcdonald, 2003) was used 
to initially screen (N = 706) and classify children as BI if total scores >
119 or social novelty subscale scores > 60, based on prior literature 
(Broeren & Muris, 2010). Non-inhibited (BN) children scoring below the 
set cut-offs were recruited as a sex- and age-matched comparison group. 
A total of 251 children (112 high BI; Mean Age = 10.9 years, SD = 0.98, 
Female = 136) enrolled in the larger study. From the enrolled sample, 30 
families discontinued participation before we collected any variables of 
interest for the current study. From these remaining families, 148 chil-
dren completed the peer dyad and provided usable EEG data. During 
coding, 6 dyads were excluded due to technical issues with the video. 

5.1. Participants 

The final sample in the current study included 136 children (72 Fe-
male) for a total of 68 dyads. Each dyad consisted of a BI and BN un-
familiar peer matched on age and parent-reported sex. Paired-sample t- 
test of continuous BIQ scores, yoked by dyad, indicated that on average, 
dyad peers were significantly different from each other on their BIQ 
score (MΔ = 49.22, t(67) = 16.84, p = .001). Within-dyad, peers’ BIQ 
and Social Novelty scores were +25 points away from each other for 
most of the dyads (> 75 %). On average, dyad peers were 2.9 (SD = 2.5) 
months apart in age (Range = 4 days - 9.9 months) when they came into 
the lab and completed the tasks reported in this study. The sample was 
77 % white, 4.4 % African American, 4.4 % Latino, 2.9 % Asian, 5.1 % 
Biracial, and 6.2 % declined to respond. The sample was recruited from 
Central Pennsylvania and surrounding areas through a university- 
supported database, direct outreach, and word-of-mouth. Study pro-
cedures were approved by the Institutional Review Board of The Penn-
sylvania State University. Participants and their parents provided 
written assent and consent and were compensated for their 
participation. 

5.2. Measures 

5.2.1. EEG data collection 
EEG activity was continuously recorded using a 128-channel 

geodesic sensor net (Electrical Geodesics Inc., Eugene, Oregon) during 
a four-minute resting-state period (alternating between one-minute eyes 
open and one-minute eyes closed). EEG signal was sampled at 1000 Hz 
rate and collected with channels referenced to Cz and re-referenced 
offline to the average of the left and right mastoids. Eye movements 
were recorded using electrodes placed at approximately 1 cm above and 
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below the eye (vertical) and at the outer canthi of each eye (horizontal). 
Impedances were kept below 50 kΩ. Data were processed off-line using 
Brain Vision Analyzer (Brain Products GmbH, Germany). Data were 
filtered using a Butterworth filter with a high-pass frequency of 0.1 Hz, a 
low-pass frequency of 40 Hz, and a 60 Hz notch filter. Bad channels were 
manually removed from the data of each participant. After visual in-
spection, ocular artifacts from eye blinks and horizontal eye movements 
were corrected using the Gratton, Coles, & Donchin, 1983) method. 

5.2.2. Frontal EEG alpha asymmetry 
Data were segmented into 1-sec epochs using 50 % overlap and 

baseline corrected. Epochs exceeding ± 120 μV, a voltage step of more 
than 75 μV between sample points, or a maximum voltage difference of 
less than .50 μV within any 100-ms interval were marked as artifacts and 
automatically removed. Data were also visually inspected for any 
remaining artifacts. EEG power was computed using a Fast Fourier 
Transformation with full spectrum and a Hamming window length of 50 
%. These spectra were then averaged across epochs within each baseline 
type (eyes open, eyes closed) for each participant to produce the total 
power in the alpha range (8− 13 Hz). In order to enhance levels of alpha 
power (Henderson et al., 2001), analyses employed data from the 
eyes-closed epochs. 

We used homologous frontal electrode clusters (F3: 19, 20, 24, 23, 
27, 28; F4: 3, 4, 117, 118, 123, 124) conventionally used for asymmetry 
calculations (Allen, Coan, & Nazarian, 2004). Asymmetry scores were 
calculated by subtracting the natural logarithm of alpha for the F3 
electrodes (left hemisphere) from the corresponding F4 electrodes (right 
hemisphere). Because alpha power is thought to be inversely related to 
brain activity (Davidson, 2004), a positive frontal EEG Alpha asymmetry 
score represents greater left-sided activity (greater right-sided power), 
whereas a negative score represents greater right-sided activity (greater 
left-sided power). 

5.2.3. Delta-beta coupling 
Data were segmented into 1 s epochs with no overlap. Automatic 

artifact detection algorithm excluded segments with a voltage step > 30 
μV/ms, absolute difference > 150 μV/ms, amplitude < -100 μV or > 100 
μV, and low activity < 0.5 μV for any electrode. Data were then trans-
formed using a Fast-Fourier Transformation with a Hamming window 
length of 50 %. We exported second-by-second EEG power for the Delta 
(1− 4 Hz) and Beta (13− 25 Hz) frequency bands. This method yielded up 
to 240 segments of Delta and Beta power for individual participants. In 
line with previous work showing no difference in Delta-Beta coupling 
across eyes-open and eyes-closed conditions (Anaya et al., 2020), we 
used continuous segments over the entire task. 

Power values across target electrodes (Poole et al., 2020) were 
averaged to create composites for the Frontal (F3, Fz, F4: 24, 11, 124) 
and Central (C3, Cz, C4: 36, 129, 104) regions based on the 10–20 
System of Electrode Placement. Average Delta-Beta coupling scores for 
each participant were computed as the correlation between the 
within-person, repeated Delta and Beta power observations. In line with 
a recent finding suggesting that social fear and inhibited phenotypes 
were associated with inter-individual Delta-Beta coupling (i.e., average 
coupling scores) only at Central regions (Anaya et al., 2020), we focused 
our analysis on Central region Delta-Beta coupling scores and provided 
findings from the Frontal region in Supplement S1. 

5.2.4. Peer dyadic interaction 
The peer-dyad assessment consisted of four, 5-minute tasks always 

completed in the same order: Get-to-know-you, Speech Preparation, 
Speech Delivery, and Cooperation. The current study used behavioral 
data from the Get-to-know-you and Cooperation tasks, which represent 
unstructured and structured interactions between the dyads, respec-
tively. The other two tasks were completed individually in the presence 
of the peer, but were not structured to capture variation in social 
interaction. 

During the Get-to-know-you task, children were left in the room with 
no instructions. During the Cooperation task, children were instructed to 
work together to complete either a Lego puzzle (Cooperation Lego) or an 
Etch-a-Sketch pattern (Cooperation Sketch)2 . Table 1 provides detailed 
descriptions for the dyadic tasks included in the present study. In-
teractions were videotaped and each task was segmented into 15-second 
epochs for behavioral coding in Datavyu (Datavyu Team, 2014). Chil-
dren’s behaviors were coded by teams of undergraduate research as-
sistants who were trained by two laboratory managers. Training 
involved learning and understanding the coding scheme and coding 10 
tapes until they reached reliability with the laboratory managers 
(weighted kappa > 0.75 and intra-class correlation coefficients > 0.85). 
The remaining dyads were coded individually. Periodic drift reliability 
training with the laboratory managers was implemented to maintain 
reliability standards. 

Coders rated the child’s energy level, peer gaze, and affect within 
each of the 15-second epochs. Energy level was defined as the level of 
arousal displayed by children via their facial expressions and body 
posture, and was rated on a scale of 0 = Unaroused, 1 = Mildly aroused, 
and 2 = Highly Aroused. Behaviors rated as Unaroused usually included 
slouching, placing head down on the table, and minimal to no gestures. 
Mildly aroused behaviors included sitting upright for the majority of the 
epoch, moderate gesturing such as raising the eyebrows and nodding. 
Highly aroused behaviors included animated body language, standing up 
or walking around, and excessive gesturing. Peer gaze was defined as the 
duration (in seconds) that a child directly looked at the partner, inde-
pendent of the partner’s gaze. Coded within each epoch, “looking at the 
partner” was operationalized as instances when the child looked to the 
partner’s face, including glances or short gazes. There was no length 
requirement for how long a look had to be to count as an instance of peer 
gaze. The code ended any time the child looked away and resumed any 
time the child gazed at the peer within the 15-second epoch. 

Given that affect may be associated with the dyadic behaviors of 
interest, affect was coded as 0 = Neutral, 1 = Happy, 2 = Angry, and 3 =
Sad during the interaction. Happy was defined as any instance during 
each 15-second epoch that a child genuinely smiled with full rounded 
cheeks (not a smirk or nervous smiles), and/ or spoke in a louder, 
rhythmic pitch that was accompanied by laughs and giggles. Angry was 

Table 1 
Unstructured and Structured Dyadic Tasks.  

Dyadic Task Description 

Unstructured: 
Get-to-know- 
you 

Peers were seated at a table facing each other and briefly 
introduced to each other by the experimenter. The experimenter 
immediately announced he/she needed to find some paperwork 
and would be back shortly. Children were left alone to interact 
freely for 5 min. 

Structured: 
Cooperation 
Task 

Each Cooperation task lasted 5 min once dyads were given 
instructions. 
Lego Puzzle: Experimenter gave a Lego car model to the BN peer, 
and all the necessary pieces to build the same model to the BI 
peer. The experimenter instructed the children to work together 
to recreate the car. A cardboard divider was propped on the table 
so that the BI peer could not see the built model, forcing the 
peers to work together under the BN peer’s directions. 
Etch-a-Sketch: The experimenter provided an Etch-a-Sketch toy 
and a sketch pattern. Children were instructed to work together 
to draw the pattern, with each child assigned to control only one 
knob.  

2 As part of the larger study, BI children completed a Baseline visit and 
returned to the lab after four weeks of an attention intervention to complete an 
Outcome visit. BI children completed the same dyad interaction at each visit, 
with a different unfamiliar BN peer each time. As a result, we randomly 
counterbalanced two different cooperation tasks (Lego and Sketch) for the 
Baseline and Outcome visits to account for any practice effects in the BI peer. As 
noted, the current study relies solely on data from the baseline visit. 
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defined as any instance that a child furrowed the brow and clenched the 
jaw, and/or spoke in a harsh, irritated, contemptuous, or protesting 
tone, and/ or aggressive movements. Sad was defined as any instance 
that a child frowned and slumped the shoulders, and/ or spoke with a 
quiet tone that dropped at the end of utterances, and/or cried or whined 
expressing sadness. Neutral affect was coded when no indicators of 
happy, angry, or sad emotion were present. 

Final reliability was assessed by re-coding 20 % of the videos and 
computing ICCs for each code separately. These analyses indicated 
excellent agreement for energy level (r = 0.91) and good agreement for 
peer gaze (r = 0.86) and affect (r = 0.88). 

5.3. Data analysis 

Epoch-by-epoch assessments of energy level and peer gaze were 
exported for each participant and matched by dyad ID, such that each 
independent observation of the BI and the BN peer within the dyad was 
yoked throughout each segment. Building on the epoch-by-epoch 
repeated measures of each behavior, each model was estimated using 
a total of 1866 observations. 

Data analysis was carried out through multilevel models conducted 
separately for each behavioral code (energy levels and peer gaze) and for 
each neural measure (frontal EEG Alpha asymmetry and Delta-Beta 
coupling). Our first step was to characterize energy level and peer 
gaze intradyadic synchrony between BN and BI peers across Unstruc-
tured and Structured interactions. In a second step, we tested the extent 
to which intradyadic synchrony in peer gaze and energy level changed 
as a function of BI and BN frontal EEG Alpha asymmetry scores within 
each dyad. Finally, we tested a similar model to examine whether BI and 
BN Delta-Beta coupling scores were associated with intradyadic syn-
chrony of peer gaze and energy levels. 

5.3.1. Modeling intradyadic synchrony across Unstructured and Structured 
task 

We used three-level multilevel models to examine intradyadic syn-
chrony of peer gaze and energy levels separately, and whether intra-
dyadic synchrony was significantly different across Unstructured and 
Structured interactions. Specifically, we examined intradyadic syn-
chrony using a model of the form  

BI Peer Gazeivt= b0iv0 + b1ivBN Peer Gazeivt + eivt                              (1)  

b1iv = g10i + r0iv                                                                             (2)  

g10i= p000+ u00i                                                                              (3) 

where up to 21 repeated measures of each behavioral code (peer gaze or 
energy levels) obtained from a BN and a BI peer in a dyad i at task v 
during epoch t, BI Peer Gazeivt and BN Peer Gazeivt, were modeled as 
deviations from person-specific and task-specific means. Deviations 
were calculated by subtracting each peer’s mean gaze and mean energy 
level from their individual peer gaze and energy level epoch-series, 
during each task. 

In all models, epoch-specific, person- and task-centered deviations in 
the BI peer’s gaze or energy levels were always modeled as a function of 
a 0 intercept (to keep focus on the intradyadic synchrony), a dyad- 
specific synchrony coefficient b1iv, and a residual. The dyad-specific 
synchrony coefficient was the BN peer’s epoch-specific, person- and 
task-centered deviations of gaze and energy levels, yoked to the 
matching BI peer. To this basic model, we added an interaction term 
between the synchrony coefficient, b1iv and a binary task variable 
b2iTaski to examine whether intradyadic synchrony differed from the 
Unstructured to the Structured task. The interaction coefficient, b3i was 
modeled as deviations from dyad-specific synchrony between BI and BN 
peer gaze or energy levels as a function of task category 
(0=Unstructured; 1=Structured).  

b3i = g30i + g31Taskiv + r3iv                                                              (4) 

We then added between-person variables of mean epochs, parent- 
reported sex, age, and affect code as covariates to these models. Cova-
riates were trimmed if not significant. 

5.3.2. Moderators of intradyadic synchrony 
In a second and third step, we expanded the multilevel models to 

examine peer intradyadic synchrony across Unstructured and Structured 
interactions as a function of between-person variables of frontal EEG 
Alpha asymmetry and Delta-Beta coupling scores, in separate models for 
each behavioral code and each neural measure for a total of four sepa-
rate models. In order to keep the focus on intradyadic synchrony, and 
because dyad pairs were intentionally matched between a BI and a BN 
peer, predictor variables were always entered separately for BI and BN 
peers. In the equation below, we show the complex regression form of 
the intradyadic synchrony for the peer gaze and frontal EEG Alpha 
asymmetry model as an example: 

BI Peer Gazeit =γ00+γ10BN Peer Gazeit +γ20Taski+γ30BI Frontal Asymmetryi
+γ40BN Frontal Asymmetryi+γ50BN Peer Gazeit ∗Taski

+γ60BN Peer Gazeit ∗ BI Frontal Asymmetryi
+γ70BN Peer Gazeit ∗BN Frontal Asymmetryi

+γ80BN Peer Gazeit ∗Taski∗BI Frontal Asymmetryi
+γ90BN Peer Gazeit ∗Taski ∗BN Frontal Asymmetryi

+γ110BN Peer Gazeit ∗Taski ∗BI Frontal Asymmetryi∗ BN Frontal Asymmetryi
+[u1i∗BN Peer Gazeit+eit]

(5) 

Significant effects for intradyadic synchrony during the Structured 
task were probed with follow-up models where the coefficient γ20Taski 
was replaced by a binary coefficient, γ20Cooperation Taski in order to 
compare intradyadic synchrony across Cooperation Lego and Coopera-
tion Sketch within the Structured interactions. Higher-order interactions 
in all models were tested and trimmed when non-significant. All models 
were fit using the lme4 and lmer packages in R (Bates, Mächler, Bolker, & 
Walker, 2015; Pinheiro, Bates, DebRoy, & Deepayan, 2020) and statis-
tical significance was set at ɑ = .05. We applied a 200-resampling 
bootstrap to the models including Frontal Alpha Asymmetry and 
Delta-Beta Coupling. The bootstrapped results are included in Supple-
ment Tables S1 - S4. 

6. Results 

Across the sample, average energy levels were significantly higher 
during the Unstructured (M = 1.23; SD = 0.46) compared to the 
Structured (M = 1.03; SD = 0.15; p = .001) interaction. Similarly, 
average peer gaze was significantly higher during the Unstructured (M =
5.06; SD = 3.45) compared to the Structured (M = 1.21; SD = 1.30; p =
.001) interaction, and was higher in dyads who completed the Cooper-
ation Lego (M = 1.52; SD = 1.49) compared to the Cooperation Sketch 
(M = 0.85; SD = 0.94; p = .001) task. 

Average energy levels were higher in BN (M = 1.06; SD = 0.16) 
compared to BI children (M = 0.99; SD = 0.13; p = .017) during the 
Structured task only, and this difference was significant for both Coop-
eration Lego and Cooperation Sketch. In contrast, BI and BN peer gaze 
did not significantly differ for either the Structured (p = .66) or the 
Unstructured tasks (p = .24). Table 2 includes means, standard de-
viations, and zero-order correlations between the behavioral codes and 
our variables of interest. 

6.1. Intradyadic synchrony across structured and unstructured tasks 

We first examined the extent to which BI and BN peer gaze and en-
ergy levels were synchronized, and whether intradyadic synchrony 
changed as a function of the structure of the tasks. Mean number of 
epochs and affect were significant covariates in the energy level model, 
and were therefore included in all energy level analyses. There were no 
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other significant covariates for energy level or peer gaze. 
The model for energy levels suggested positive intradyadic syn-

chronization during the Unstructured task, γ10 = 1.19 (SE = 0.34, p =
.001), such that when energy levels in the BN peer were high, energy 
levels in the BI peer were also high. While energy levels were also 
positively and significantly synchronized during the Structured task, 
such that high energy levels in the BN peer were associated with high 
energy levels in the BI peer, γ10 + γ80 = 1.19 + (-0.14) = 1.05, the 
overall level of synchronization was lower than in the Unstructured task, 
γ80 = -0.14 (SE = 0.05, p = .007). Interestingly, we noted a high positive 
skew and kurtosis during the Structured task, driven by the BI peer. We 
speculate that the BI child may have been more goal-oriented during the 
task, perhaps as a counterbalance to any underlying discomfort. Of 
course, direct examination will be needed in the future to test this 
proposal. 

The model for peer gaze also suggested positive synchronization 
during the Unstructured task, γ10 = 0.25 (SE = 0.04, p = .001), which 

was in turn significantly stronger during the Structured task, γ40 = 0.10 
(SE = 0.01, p = .03), such that longer gaze from the BN peer to the BI 
partner was generally more strongly associated with longer gaze from 
the BI partner to the BN peer when dyads were instructed to cooperate 
on a task. 

We probed intradyadic synchrony during the Structured task further 
to understand whether it may systematically change as a function of 
cooperation task. This analysis suggested that intradyadic peer gaze, but 
not energy levels, was significantly less synchronous during Cooperation 
Lego, γ40 = − 0.33 (SE = 0.09, p = .001) compared to the Cooperation 
Sketch, γ10 + γ40 = 0.50 + (-0.33) = 0.17. 

Fig. 1 displays raw, epoch-by-epoch intraindividual data from a 
single dyad to illustrate intradyadic synchrony in energy levels (Panel A) 
and peer gaze (Panel B) across Structured and Unstructured tasks. 
Additionally, Panel C illustrates differences in peer gaze synchronization 
as a function of cooperation task. 

Table 2 
Descriptive Statistics and Zero-order Correlations Across Behavioral Codes, Behavioral Inhibition, and Neural Measures.   

Descriptives Zero-Order Correlations  

ALL BI BN         

M (SD) Skew Kurtosis M (SD) M (SD) 1. 2. 3. 4. 5. 6. 7. 

1. BIQ 101.72 (31.22) − 0.11 − 0.66 127.31 (18.03) 78.49 (20.67) –       
2. Frontal Asymmetry − 0.12 (0.36) − 0.09 1.01 − 0.06 (0.34) − 0.21 (0.36) 0.14 –      
3. Central Delta-Beta Coupling 0.21 (0.47) − 0.39 − 0.35 0.16 (0.51) 0.33 (0.40) − 0.20 − 0.03 –     
Get to Know You             
4. Energy Level 1.23 (0.46) 0.08 0.28 1.20 (0.47) 1.29 (0.42) − 0.12 − 0.07 0.11 –    
5. Peer Gaze 5.06 (3.45) 0.34 − 0.91 5.28 (3.59) 5.03 (3.28) − 0.01 0.00 0.00 0.47 –   
Cooperation             
6. Energy Level 1.03 (0.15) 0.45 25.53 0.99 (0.13) 1.06 (0.16) − 0.19 − 0.05 0.15 0.13 0.15 –  
7. Peer Gaze 1.21 (1.30) 2.24 6.68 1.09 (0.98) 1.33 (1.53) − 0.13 0.12 0.05 − 0.02 0.15 0.19 – 

Note: Significant between-group differences and correlations (p < .05) designated in bold. 

Fig. 1. Differences in intradyadic synchrony in energy levels (A) and peer gaze (B) across Unstructured (green) and Structured (purple) tasks for a single dyad and 
synchrony in peer gaze as a function of Cooperation task type (C) (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 

B. Anaya et al.                                                                                                                                                                                                                                  



Biological Psychology 159 (2021) 108018

7

6.2. Intradyadic synchrony as a function of frontal EEG alpha asymmetry 

The extent of intradyadic synchrony in energy levels was signifi-
cantly associated with BN frontal EEG Alpha asymmetry scores during 
the Unstructured task, γ140 = 0.84 (SE = 0.19, p = .001), suggesting that 
for dyads in which the BN peer exhibited higher asymmetry values (left 
asymmetry), intradyadic energy levels were strongly and positively 
synchronized γ10 + γ140 = 0.95 + 0.84 = 1.79. However, this association 
was also qualified by an interaction between the BI and BN frontal EEG 
Alpha asymmetry scores, during the Unstructured task, γ160 = − 2.09 (SE 
= 0.73, p = .004). Simple-slopes analysis (Fig. 2a) suggested that in 
dyads where at least one peer exhibited frontal EEG Alpha asymmetry 
above +1SD (left asymmetry), regardless of BI status, intradyadic energy 
levels were always positively synchronized. In contrast, for all other 
dyadic combinations of mean level or below -1SD (right) frontal EEG 
Alpha asymmetry, intradyadic energy levels were actually asynchronous 
and, in some cases, negatively synchronized. That is, higher energy 
levels in the BN peer were associated with lower energy levels in the BI 
peer. This relation was not evident in the Structured task (Fig. 2b). 

Intradyadic synchrony in peer gaze varied as a function of frontal 
EEG Alpha asymmetry and BI status. For every unit increase in the BI 

child’s frontal EEG Alpha asymmetry scores, there was a significant 0.65 
decrease in intradyadic synchrony of peer gaze during the Unstructured 
task only (SE = 0.21, p = .002). No effect was found for the BN child’s 
frontal EEG Alpha asymmetry scores. This pattern suggests that intra-
dyadic peer gaze was less likely to be synchronized for dyads where the 
BI peer exhibited left frontal EEG Alpha asymmetry, γ10 + γ70 = 0.29 +
(-0.65) = -0.36, compared to all other dyads. This interaction did not 
differ between dyads as a function of which Cooperation task they 
completed. 

6.3. Intradyadic synchrony as a function of delta-beta coupling 

Central region Delta-Beta coupling scores were not significantly 
associated with intradyadic synchrony of energy levels (p’s > .23). 

In contrast, intradyadic synchrony in peer gaze significantly varied 
as a function of the interaction between BI and BN Delta-Beta coupling 
scores during the Unstructured task, γ120 = 0.95 (SE = 0.41, p = .022). 
Simple-slopes analysis (Fig. 3a) suggested that for dyads in which the BI 
peer exhibited Delta-Beta coupling scores at mean levels or above +1SD 
(moderate and heightened, positive Delta-Beta correlation), higher gaze 
in the BN peer was generally associated with higher gaze in the BI peer 

Fig. 2. Intradyadic synchrony of energy levels during the (A) Unstructured and (B) Structured task as a function of frontal EEG Alpha asymmetry.  
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regardless of the BN peer’s coupling score. In contrast, for dyads where 
the BI peer exhibited Delta-Beta coupling scores below -1SD (negative 
Delta-Beta correlation), intradyadic peer gaze was asynchronous when 
the BN partner exhibited heightened, positive Delta-Beta coupling 
scores. The relation was not evident in the Structured task (Fig. 3b). 

7. Discussion 

Dyadic behavioral synchrony between peers may play an important 
role in facilitating social interactions critical for socioemotional devel-
opment (Harrist & Waugh, 2002; Tunçgenç & Cohen, 2018; Xavier et al., 
2013). Social interactions serve as the dynamic conduits for adaptive 
socialization and social learning (Lunkenheimer, Hamby, Lobo, Cole, & 
Olson, 2020). In the context of behavioral inhibition, in particular, 
positive peer interactions lessen levels of social withdrawal and may 
buffer the child from risk for social anxiety (Rubin et al., 2018). How-
ever, only recently have researchers employed moment-by-moment 
analyses of dyadic synchrony to capture social behavior, rather than 
relying on aggregated mean scores over larger windows of time (Hol-
lenstein, Lichtwarck-Aschoff, & Potworowski, 2013). In addition, few 

studies have then examined the moderating role of multiple neural 
markers already known to shape socioemotional trajectories in children 
at temperamental risk for anxiety in a single sample of children (Anaya 
et al., 2020; Hane et al., 2008; Harrewijn et al., 2016; Henderson et al., 
2001; Poole & Schmidt, 2020). 

In the current study, our first goal was to capture dyadic synchrony 
in peer gaze and energy levels measured during a novel social encounter 
with an unfamiliar peer in both unstructured and structured contexts. In 
doing so, we characterized the dynamic and intradyadic nature of peer 
social engagement between behaviorally inhibited children and their 
non-inhibited peers. Our second goal was to examine the extent to which 
moment-to-moment dyadic synchrony was associated with individual 
differences in EEG-derived correlates of approach-motivation and 
regulation. Our findings suggest that this approach can capture subtle 
variation in social dynamics across contexts and individuals. 

First, we note that energy levels and peer gaze were greater in the 
unstructured task versus the cooperation tasks. This pattern reflects 
recent data suggesting that individuals display relatively less peer gaze 
synchrony with a social partner than usually predicted, particularly 
when engaged in an active task (MacNeill et al., in press). Synchrony 

Fig. 3. Intradyadic synchrony of peer gaze as a function of Central region Delta-Beta coupling during the (A) Unstructured and (B) Structured tasks (presented at -1 
SD, Mean, and +1 SD for the BI and BN groups). 
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patterns were also sensitive to the specific context of interaction since 
levels of peer gaze and energy did not carry over across tasks. Thus, our 
data join a growing body of work noting that traditional social tasks that 
rely on the presentation of relatively static, computer-based stimuli may 
lack the ecological validity needed to capture active social behavior (Fu 
& Pérez-Edgar, 2019). 

Although the emergence of behavioral synchrony is anticipated for 
interactions with unfamiliar individuals (Fujiwara et al., 2020; 
Vacharkulksemsuk & Fredrickson, 2012), individual differences may 
influence the ability to smoothly enter into a synchronized state. For 
example, recent work suggests that children on the autism spectrum 
often have difficulty engaging in spontaneous dyadic coupling (Keller-
man et al., 2020). The level of difficulty, in turn, is associated with 
symptom severity (Zampella, Csumitta, Simon, & Bennetto, 2020). 
Similarly, variation in dyadic synchrony mediates the association be-
tween temperamental irritability and externalizing behavior (Qui-
ñones-Camacho et al., 2019). Here, our focus was on behavioral 
inhibition. As noted, children high in behavioral inhibition are partic-
ularly sensitive to social novelty, have more tenuous peer relationships, 
and are more likely to show elevated levels of social withdrawal and 
social anxiety (Degnan & Fox, 2007). 

As such, we looked to see if variation in behavioral inhibition was 
also associated with group-level differences in the social dyad. When 
examining mean scores, we noted fewer behavioral inhibition-linked 
differences than expected. That is, while behaviorally inhibited chil-
dren displayed less energy than their non-inhibited peers, this was only 
evident in the structured task. With respect to gaze, we found no dif-
ferences between the two groups of children. These null findings may 
reflect the fact that mean-level aggregates can wash away variability in 
behavior that differs intradyadically or across time (Benson et al., 2018; 
Morales et al., 2018). In addition, our sample of children was generally 
healthy and while, mildly stressful, the study tasks were in line with 
many daily social activities, particularly in an academic setting. Thus, 
the encounter may not have reached the level of novelty or stress needed 
to reveal broad differences in behavior. 

In our second set of analyses, we noted that the pattern of social 
behavior was subtly different when examining dyadic synchrony, rather 
than mean level comparisons. We found significant positive dyadic 
synchrony for both energy and peer gaze in the unstructured and 
structured tasks. However, the relative balance differed in that syn-
chrony for energy level was greater in the unstructured task, while peer 
gaze synchrony was relatively stronger in the structured task. This may 
reflect the fact that the structured task required cooperation to reach a 
concrete shared goal, which likely required that dyads “check in” with 
each other to assess performance. In contrast, the unstructured task was 
more directly linked to the presence and identity of the peer, without the 
distraction of a shared concrete task. Synchronizing energy levels may 
act as an unconscious tool by which unfamiliar peers become socially 
aligned, supporting more effective social engagement (Criss, Shaw, & 
Ingoldsby, 2003; Simony et al., 2016). The presence of one behaviorally 
inhibited child in each dyad may have depressed levels of synchroni-
zation in peer eye gaze across the study as behavioral inhibition is often 
operationally defined by low levels of direct social gaze (Bishop et al., 
2003; Fox et al., 2015). Because behavioral inhibition status was 
perfectly yoked in the dyads (BI with BN), we could not directly assess 
the impact of temperament on synchronization. 

Our third set of analyses examined whether EEG-derived markers 
previously associated with behavioral inhibition, social behavior, and 
anxiety risk (Hane et al., 2008; Harrewijn et al., 2016; Henderson et al., 
2001; Poole & Schmidt, 2020) were associated with patterns of behav-
ioral synchrony during the social dyad. Decades of work has linked right 
frontal EEG Alpha asymmetry to patterns of social avoidance, negative 
affect, and anxiety in both children and adults (Reznik & Allen, 2018). In 
line with our hypothesis, we found that energy levels were asynchronous 
or negatively synchronized in dyads in which both peers exhibited mean 
or negative asymmetry scores (indicating right frontal EEG Alpha 

asymmetry). In contrast, the presence of left frontal EEG Alpha asym-
metry in either member of the dyad was associated with significant 
positive synchrony. This effect was only present during the unstructured 
interaction, which relied on more active and spontaneous social in-
teractions on the part of the dyadic pairs. Of course, this task always 
occurred first, which added to its novelty. 

Our hypothesis was not supported for peer gaze, where we found that 
left frontal EEG Alpha asymmetry, rather than right, was associated with 
weaker synchrony during the unstructured task. To speculate broadly, 
left frontal EEG Alpha asymmetry is associated with approach behaviors, 
including impulsivity and dysregulation (Black et al., 2014; Degnan 
et al., 2014). It may be that, driven by the desire to successfully complete 
the structured task, the children may have prioritized task progression 
over behavioral alignment with their partner. Additional studies will be 
needed to probe this potential mechanism. 

Recent work suggests that Delta-Beta coupling reflects individual 
variation in the coordination between cortical and subcortical networks 
involved in emotion regulation (Knyazev, 2012). We predicted that 
heightened, positive Delta-Beta coupling would be associated with 
weaker dyadic behavioral synchrony. However, a more complex relation 
emerged, evident only for peer gaze during the unstructured task. 

Heightened, positive Delta-Beta coupling in behaviorally inhibited 
children was associated with greater gaze synchrony, regardless of the 
pattern of Delta-Beta coupling presented by their non-inhibited partner. 
However, a mismatch marked by negative Delta-Beta coupling for the 
behaviorally inhibited child and heightened, positive coupling in their 
non-inhibited peer was associated with asynchronous peer gaze. Nega-
tive Delta-Beta coupling is thought to reflect underregulated cortical- 
subcortical interactions, while extreme heightened, positive Delta-Beta 
coupling may reflect rigid and overcontrolling cortico-subcortical as-
sociations (De Pascalis, Vecchio, & Cirillo, 2020; Miskovic & Schmidt, 
2009). This mismatch, compounded by variation in temperamental 
profiles, may create a particularly difficult interaction when engaged in 
unstructured, unguided, and novel social settings. 

The current findings should be assessed with some limitations in 
mind. First, the neural measures were captured during a sedentary 
baseline. Thus, it is not clear if patterns of EEG frontal Alpha symmetry 
and Delta-Beta coupling, in the moment, track variation in concurrent 
social behavior (Camacho, Quiñones-Camacho, & Perlman, 2020). 
Rather, our measures may track underlying trait levels of 
approach-motivation and emotion regulation that may generally influ-
ence dyadic synchrony. Second, all measures were collected at a single 
timepoint. Longitudinal data will be needed to better understand the 
temperamental and neural antecedents that may impact subsequent 
patterns of social behavior. Third, we did not have a direct comparison 
group of non-inhibited dyads. The larger project was intentionally 
designed to examine social behavior among behaviorally inhibited 
children, thus the exclusive use of inhibited and non-inhibited pairings. 
However, this limits our understanding of the full breadth of dyadic 
relations that may emerge across the range of peers, and our under-
standing of the link between temperament, behavioral synchrony, and 
neural correlates of avoidance and regulation. Future studies can expand 
on this work by incorporating multiple combinations of dyad pairs (e.g., 
dyads with two non-inhibited or two inhibited peers). Fourth, the tasks 
used and the physical co-location of the children prevented us from 
coding mechanisms, such as joint attention, that likely impact intra-
dyadic synchrony. Finally, the sample was relatively homogenous, fairly 
healthy, and engaged in only mildly stressful interactions. The patterns 
of behavior and neural relations noted here may differ across more 
diverse samples, children with more severe anxiety, or children engaged 
in highly stressful interactions. 

In conclusion, the current study presents a novel approach to 
capturing individual variation in social behavior in the moment, a 
temperamental profile that colors social engagement, and underlying 
neural markers that reflect approach-avoidance motivation and emotion 
regulation. Uncovering subtle variation in social behavior associated 
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with known risk factors across multiple levels of analysis may help us 
understand the active and dynamic mechanisms that act as conduits for 
previously noted broad-scale relations, such as the robust link between 
early behavioral inhibition and the later emergence of social reticence, 
withdrawal, and anxiety. This study served as an initial examination of 
constructs potentially associated with variation in dyadic synchrony. 
Building on this foundation, subsequent work may examine the conse-
quences of variation in dyadic synchrony–that is, defining what consti-
tutes “too much” or “not enough” synchrony with respect to specific 
socioemotional and relationship outcomes. 
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