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Abstract

Background: Research to date has largely conceptualized irritability in terms of intra-individual 

differences. However, the role of inter-personal dyadic processes has received little consideration. 

Nevertheless, difficulties in how parent-child dyads synchronize during interactions may be an 

important correlate of irritably in early childhood. Innovations in developmentally-sensitive 

neuroimaging methods now enable the use of measures of neural synchrony to quantify 

synchronous responses in parent-child dyads and can help clarify the neural underpinnings of 

these difficulties. We introduce the Disruptive Behavior Diagnostic Observation Schedule: 

Biological Synchrony (DB-DOS:BioSync) as a paradigm for exploring parent-child neural 

synchrony as a potential biological mechanism for interpersonal difficulties in preschool 

psychopathology.

Methods: Using functional near-infrared spectroscopy (fNIRS) 4–5-year-olds (N = 116) and 

their mothers completed the DB-DOS:BioSync while assessing neural synchrony during mild 

frustration and recovery. Child irritability was measured using a latent irritability factor that was 

calculated from four developmentally-sensitive indicators.

Results: Both the mild frustration and the recovery contexts resulted in neural synchrony. 

However, less neural synchrony during the recovery context only was associated with more child 

irritability.
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Conclusion: Our results suggest that recovering after a frustrating period might be particularly 

challenging for children high in irritability and offer support for the use of the DB-DOS:BioSync 

task to elucidate interpersonal neural mechanisms of developmental psychopathology.
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Introduction

Irritability is defined as the tendency to experience dysregulated mood and temper outbursts 

when a goal is blocked (Wakschlag et al., 2015; Brotman et al., 2017). While irritability is 

common, high levels of irritability in early childhood are considered a transdiagnostic 

marker of psychopathology (e.g., Dougherty et al., 2013; Pagliaccio et al., 2018; Stringaris 

et al., 2009; Vidal-Ribas et al., 2016; Wakschlag et al., 2018). One mechanism for how early 

irritability influences maladaptive behavioral patterns is through disrupted recruitment of the 

brain networks associated with emotion regulation. Difficulties with the regulation of 

frustration in irritability have been linked with variability in the function of regions like the 

prefrontal cortex (PFC), anterior cingulate cortex (ACC), ventral striatum, anterior insula, 

and the amygdala (Deveney et al., 2013; Perlman et al., 2015; Roy et al., 2018). Among 

these regions, the lateral PFC appears to be a particularly important component of this 

network (Grabell et al., 2018; Leibenluft, 2017). Studies with preschool-aged children have 

shown that high but non-clinical levels of irritability are associated with increased activation 

of the lateral PFC (e.g., Fishburn et al., 2019a; Perlman et al., 2014). This has been 

hypothesized to serve as a compensatory mechanism for the regulation of their frustration, 

allowing these children to effectively regulate their emotions even when experiencing high 

levels of frustration. Interestingly, this association seems to flip at the clinical level 

suggesting that the association between PFC activation and irritability can be better 

described using an inverted U shape (Grabell et al., 2018). What remains a question, 

however, is how child irritability might shape the interaction of children with their parents 

from both a behavioral and neural perspective.

During the first few years of life, effective regulation of frustration transitions from 

externally to internally mediated largely via parent-child interactions (Kochanska, Coy, & 

Murray, 2001; Morris et al., 2017). Although dyadic processes have received little attention 

in irritability, this is a priority area for elucidating mechanisms that shape the likelihood that 

irritability will result in psychopathology (Wakschlag et al., 2018). There is substantial 

research demonstrating the bi-directional influence of young children’s negative 

emotionality and parenting (e.g., Kiff et al., 2011). There is also evidence that children’s 

irritability has an aversive influence on the way parents interact with their children 

(Crockenberg & McCluskey, 1986; Lengua, 2006), and that less responsive parenting is 

associated with an increased likelihood that negative emotionality escalates to 

psychopathology (Wakschlag & Hans, 2002). These studies, however, have largely examined 

dyadic processes as statistical interaction effects, rather than during real time interactions.
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High dyadic behavioral synchrony, defined as contingent social responding through mutually 

responsive and co-regulated interactions has been linked with better self-control, greater 

communicative competence, and fewer behavioral problems both concurrently and 

longitudinally (Feldman, Greenbaum, & Yirmiya, 1999; Harrist & Waught 2002; Im-Bolter, 

Anam, & Cohen, 2015; Kochanska et al., 2008; Lindsey et al., 2009). Parent-child 

behavioral synchrony has been found as early as in infancy (Feldman, Greenbaum, Yirmiya, 

1999; Ham & Tronick, 2009) and remains a useful index of adaptive social interactions 

throughout the lifespan (e.g., Helm, Sbarra, & Ferrer, 2013). Given the role of high parent-

child behavioral synchrony in healthy development, low parent-child synchrony might serve 

as a risk factor for later psychopathology. Indeed, one study found that 6–10-year-old 

children with clinical levels of behavioral problems had significantly lower behavioral 

synchrony during play compared to a non-clinical group (Im-Bolter, Anam, & Cohen, 2015), 

suggesting a negative association between parent-child behavioral synchrony and clinical 

levels of behavioral problems. Another study found that more behavioral synchrony during 

the discussion of family conflicts in 10-year-olds was associated with less antisocial 

behavior even when controlling for antisocial behavior at age 8 (Criss, Shaw, & Ingoldsby, 

2003), suggesting that being able to maintain reciprocal interactions during taxing or 

potentially frustrating/negative situations is associated with better outcomes. While most 

studies suggest that behavioral synchrony in parent-child dyads is generally adaptive, 

frequent contingent responding of negative emotion and verbal exchanges will likely result 

in negative child outcomes. In earlier ages, research on mother-infant dyads suggests that 

returning to synchrony during periods of recovery after a stressful interaction is a 

particularly important indicator of adaptive parent-child interactions (Ham & Tronick, 

2009). As difficulties with the regulation of frustration are a defining feature of irritability 

(Perlman et al., 2014), it follows that dyads in which a child is high in irritability might have 

difficulty achieving dyadic synchrony, further exacerbating clinical risk. Moreover, because 

irritability has been associated with sustained negative mood (Brotman et al., 2017) it is 

likely that irritable children will require continued emotion regulation support to recover 

from frustrating events. In fact, previous work has shown recovery phases to be particularly 

relevant for the regulation of anger in healthy children (Kahle et al., 2016; Miller et al., 

2013). Thus, it is possible that in the context of irritability, sustained synchrony might be 

particularly crucial in periods of recovery post-frustration as these children are likely to take 

longer to recover from their negative mood.

Advances in neurodevelopmental science now allow for the examination of dyadic 

synchrony at both neurobiological and behavioral levels (Feldman, 2012). In a study with 

infants, increases in mother-child behavioral synchrony, evidenced by increases in affective 

and vocal matching, were reflected in an increase in the coordination of heart rhythms 

between the mothers and their infants (Feldman et al., 2011) offering important evidence of 

the links between biological and behavioral synchrony. In another study with preschoolers 

and their mothers, child and parent cardiac autonomic reactivity during collaborative 

drawing was linked to greater behavioral synchrony and better child self-regulation (Suveg 

et al., 2016). Further serving as evidence that increased parent-child behavioral and 

physiological synchrony are linked with positive outcomes, Lunkenheimer and colleagues 
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(2018) found that decreased concordance of autonomic regulation between preschoolers and 

their mothers was associated with a higher risk for psychopathological symptoms.

Recently, hyperscanning—the concurrent measurement of more than one person’s brain 

activity (Montague et al., 2002)—has made it possible to study the neural concordance of 

interacting partners or “neural synchrony” (Cui et al., 2012; Fishburn et al., 2018; Miller et 

al., 2019; Reindl et al., 2018). This synchronization of brain activity has been hypothesized 

to facilitate bond formation and shared mental states (Redcay & Schilbach, 2019; Wheatley 

et al., 2012), and is likely to play an important role in children’s healthy development. A 

study of 5–9-year-olds found that higher parent-child neural synchrony in the PFC during 

cooperation was associated with better emotion regulation in both the parent and the child 

(Reindl et al., 2018). Moreover, higher neural synchrony mediated the link between parent 

and child emotion regulation, supporting the role of neural synchrony as an underlying 

biological mechanism for the co-regulation of emotion (Reindl et al., 2018). While the 

meaning of synchrony may be different across systems (e.g. physiological synchrony may be 

a better index of synchronous arousal while neural synchrony may be a better measure of 

synchronous cognitions), research across biological and behavioral levels offers evidence of 

the crucial role of a dyads ability to synchronize behaviors, cognitions, and neurophysiology 

on a child’s healthy development.

If neural synchrony within the lateral PFC is, as we hypothesize, a biological mechanism for 

the parent-child co-regulation of emotion, deficits in neural synchrony may increase the 

likelihood of clinically salient psychopathology symptoms later in life for children who are 

high in irritability. We propose that variations in neural synchrony may be a biological 

marker of disruptions in the parent-child relationship that could explain the increased risk of 

psychopathology in irritable children. The goal of this study was to introduce a novel 

paradigm, the Disruptive Behavior Diagnostic Observation Schedule-Biological Synchrony 

(DB-DOS:BioSync) that melds developmentally-sensitive behavioral and physiological 

methods specifically designed to sharpen characterization and elucidate mechanisms during 

this age period. We validate the DB-DOSBioSync for use with preschoolers, its utility in 

relation to behavioral measures, and examine whether patterns of synchrony varied based on 

child irritability. We used Functional Near-Infrared Spectroscopy (fNIRS) to assess parent-

child neural synchrony during DB-DOS:BioSync and explored associations with irritability 

in preschoolers using a latent child irritability factor, allowing us to comprehensively assess 

irritability through temperamental, clinically-relevant, and impairment measures.

Method

Participants

One hundred and fifty-one preschoolers and a caregiver (144 mothers; referred from here on 

as “mothers”) participated in a study designed to assess variability in preschool irritability 

and its neural underpinnings (Fishburn et al., 2019a; Quiñones-Camacho et al., 2019). As 

part of the initial screening procedures, children were excluded from participating in the 

study if their parents reported having already sought clinical services for the child or if they 

had any current or past psychiatric diagnosis. Children were also excluded if they had a 

neurological disorder, a history of loss of consciousness, or sensory impairments, such as 
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epilepsy, cerebral palsy, ASD, or significantl intellectual disability. The study was approved 

by the Institutional Review Board and all families were consented before participation in the 

study. Because of the subject-compliance challenges of imaging preschoolers, 117 parent-

child dyads had usable fNIRS data for both subjects in both conditions of the DB-

DOS:BioSync. Loss of data was due to computer errors, poor contact of the sensors with the 

scalp, or too much movement in the parent or child. The mean age for the 117 children was 

4.86 years (SD=0.60; 54 females). Children were identified as 71% Caucasian, 23% 

African-American, 3% Asian, and 3% Biracial (96% Non-Hispanic, and 4% Hispanic). 

Household income varied widely from $0–20,000 (14%), $21,000–60,000 (29%), $61,000–

100,000 (25%), $101,000+ (32%).

Disruptive Behavior Diagnostic Observation Schedule: Biological Synchrony (DB-DOS: 
BioSync)

The DB-DOS (Wakschlag et al., 2008) was developed as a behavioral paradigm designed to 

elicit variations in children’s regulation of irritable affect and behavior and the dyads ability 

to co-regulate across contexts with varying demands, as this has proven to be clinically 

informative (Petitclerc et al., 2015). We modified the DB-DOS to fit task requirements of 

fNIRS and other biological measures, such as minimization of movement, use of a block 

design with repeated trials to maximize power of biological signals, and reduction of overall 

task time to increase preschoolers’ engagement. We refer to this new version as the DB-

DOS- Biological Synchrony (DB-DOS:BioSync), which aimed to leverage the efficient 

elicitation of variations in co-regulation with integration of biological measures. During the 

first ‘Frustration’ context (10 minutes) dyads were left alone, seated at a table with attractive 

toys and instructed not to touch them while completing tangram puzzles. These puzzles 

consist of 7 flat geometric shapes that are combined to form larger shapes (an object or 

animal). This Frustration context consisted of 4 blocks of solving 5 puzzles within 2 

minutes, followed by a 15-second inter-block interval. Dyads are told that they will receive a 

prize if they complete the task. However, the puzzles were too difficult for the child’s age, 

time was cut short (they are given 1:45 instead of 2:00 minutes), and the dyads saw a 

countdown clock indicating how much time they had left.

After the frustration context ended, the experimenter came in and explained the next task to 

the dyad, during this time the experimenter also took the puzzle blocks away and placed the 

toys within reach of both members of the dyad, allowing for some time to pass between the 

two task contexts. Following this, dyads were allowed to play with the attractive toys (10 

minutes). The ‘Recovery’ context served as a recovery period during a low demand context. 

To mirror the ‘Frustration’ context, ‘Recovery’ consisted of 4 blocks of 2 minutes followed 

by a 15-second inter-block interval. A new toy was added to play after each block.

Behavioral synchrony coding

Parent-child behavioral synchrony, defined as the amount of time the parent-child dyad spent 

engaged in mutually responsive and co-regulated interactions during each of the contexts, 

was coded using a scheme developed in-house. Synchrony was defined as reciprocal, 

coordinated engagement through shared attention, topic, and contingent responding. 

Exchanges demonstrating synchrony showed reciprocal communication, eye contact, and 
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coordinated behaviors with directed gaze. Every second of the interaction was coded as 

being either synchronous or asynchronous. These individual measures were then used to 

calculate a general synchrony score (i.e., the total time spent in synchrony during each 

context) and were not used as a dichotomous (synchrony/asynchrony) variable in the 

primary analyses. Before an experimenter gave a code of synchrony, the parent-child dyad 

had to exchange three verbal or behavioral turns, as reciprocal interactions are necessary to 

establish synchrony. Synchrony continues to be coded until there is a break in reciprocal 

exchanges (e.g., more than three seconds passed since the dyad had showed reciprocal 

responding). The same procedures were used to code for synchrony in the ‘Frustration’ and 

‘Recovery’ contexts. Synchrony was coded by six trained research assistants who did not 

interact with the dyad during the visit and were blind to the irritability scores of children and 

parent. Training consisted of conceptual grounding and coding for eight master tapes to .80 

reliability (kappa) of the master codes. Of the original 151 participants, 127 videos were 

codable (this missingness was due to problems with the video camera and audio of the 

interaction). Reliability was coded on 20% of data (K = .807) for all codable videos. 

Because some children had fNIRS data but not codable videos, the sample for analyses with 

behavioral coding are smaller. From the 117 dyads with usable fNIRS data included in the 

main analyses, 98 had data for both behavioral coding and neural synchrony, thus, analyses 

looking at associations with these two variables have a sample size of 98. For analyses, we 

summed all seconds spent in synchrony to create a single behavioral synchrony variable for 

each context.

fNIRS data acquisition and preprocessing

fNIRS data were collected using a continuous-wave NIRScout fNIRS system (NIRx Medical 

Technologies LLC, Glen Head, NY). The light was emitted at 760 nm, and 850 nm from a 

total of 8 LED light sources and measured from 4 photodiode light detectors, yielding ten 

measurement channels per wavelength. The optical signals were collected at 15.625 Hz. 

Sensors were placed on a neoprene head cap, with a source-detector distance of 2.9–3.1 cm. 

For each participant, the fNIRS head cap was positioned according to the international 10–

20 coordinate system with the dorsomedial sources over AF3/AF4, and the ventromedial 

sources over Fp1/Fp2. Hair was manually parted under the optodes to improve signal 

detection. The probe extended over middle frontal gyrus (MFG) and inferior frontal gyrus 

(IFG) of each hemisphere of the PFC and were registered to the Colin27 Brain Atlas 

(Holmes et al., 1998).

Preprocessing and activation analyses were carried out using NIRS Brain AnalyzIR toolbox 

(Santosa, Zhai, Fishburn, & Huppert, 2018). First, the fNIRS raw intensity signals were 

converted to changes in optical density. Optical density signals were then corrected for 

motion artifacts using the temporal derivative distribution repair (TDDR) method (Fishburn, 

Ludlum, Vaidya, & Medvedev, 2019). Corrected optical density signals were then resampled 

to 4 Hz to reduce the computational overhead of the synchrony calculations. Slow drifts 

were removed from the signals using a high-pass Butterworth filter with a cutoff of 0.01 Hz 

and filter order of 4. Signals were then converted to oxygenated hemoglobin concentration 

using the modified Beer-Lambert law.
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Quantification of neural synchrony

In this section, we describe the procedures to calculate parent-child neural synchrony, which 

we defined as the association between concurrent lateral PFC activation of the parent and the 

child during the ‘Frustration’ and ‘Recovery’ contexts separately. Before calculating neural 

synchrony, timings were standardized across all participants. Signals were whitened by 

removing temporal autocorrelations using an autoregressive model as serial correlations are 

a common source of noise in fNIRS data that can inflate correlation estimates (Santosa, 

Aarabi, Perlman, & Huppert, 2017). The order of the AR model was chosen using the 

Bayesian Information Criterion from a minimum value of 1 to a maximum of 32. Previous 

studies have shown a model order of 20 to be sufficient for whitening signals (Santosa, 

Aarabi, Perlman, & Huppert, 2017). The robust correlation coefficients were calculated 

between participants using the robust regression approach (Shevlyakov & Smirnov, 2011), in 

which the geometric mean is taken of the robust regression coefficients obtained from 

regressing channel X onto channel Y and vice-versa, e.g., r = βX Y βY X. 

Synchronization was then quantified using the Fisher r-to-z transform of the absolute value 

of the robust correlation coefficient. Synchrony was assessed in this way for all possible 

channel-pairs. Given that we had no hypotheses regarding non-reciprocal connections (e.g., 

channel A of the child connected with channel B of the parent, but not vice-versa), 

reciprocal connections were enforced to reduce the number of unique connections and thus 

prevent multiple comparisons corrections from being overly-conservative. This was done by 

taking the mean of the z-value, e.g., ZAB = 1
2 ZAParentBCℎild + ZACℎildBParent .

Statistical analysis of neural synchrony

In this section, we describe the procedures to calculate the significance of our neural 

synchrony findings, we did this via permutation testing with random dyads (e.g., parent of 

dyad A with child of dyad B) which allowed us to confirm that the synchrony was due to a 

child actively interacting with their parent during the task rather than being driven simply by 

two people completing the same task. To determine the appropriate null distribution of 

synchrony values, synchrony was calculated between all possible subject pairs. For each 

channel-pair, there were synchrony values for 117 concurrent (observed) parent-child dyads 

and 27,144 non-concurrent (null) parent-child dyads (Nnull =
Nsubject

2 − Nsubject
2 − Ndyad). 

The p-value associated with each observed synchrony value was computed via a permutation 

test by determining the proportion of values from null-pairings that were equal to or greater 

than the observed value, e.g. p =
∑ Znull ≥ Zobserved + 1

N + 2 . The constant terms were selected 

to ensure that the resulting p-values would be between 0 and 1. Adjusted z-values were then 

derived from the estimated p-values using the inverse cumulative density function for the 

standard normal distribution. One dyad had adjusted Z-values over 4 SD and were removed 

from analyses, bringing the sample to 116 pairs. These values were then submitted to a 

mixed effects model with task condition modeled as a fixed effect and dyad ID modeled as a 

random effect. The presence of synchrony was assessed for each condition by applying the t-

contrast corresponding to a 1-sample t-test. Differences between conditions were assessed 

with the ‘Frustration – Recovery’ t-contrast. The corresponding p-values were corrected for 
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multiple comparisons by calculating the Benjamini-Hochberg FDR-corrected p-value 

(Benjamini & Hochberg, 1995) (denoted throughout as ‘q-value’) across all unique channel 

pairs. The mean of the adjusted z-values was computed across significant (q<.05) channel-

pairs for each dyad and extracted for further analyses.

Child irritability

Temperamental irritability.—Caregivers completed the Children’s Behavior 

Questionnaire (CBQ; Rothbart et al., 2001). The CBQ is a widely used assessment of 15 

temperamental dimensions in children 3–7 years-old. Given our interest in exploring links 

between parent-child neural synchrony and child irritability, we focused on the anger/

frustration dimension which has been successfully used to assess temperamental irritability 

(e.g., Fishburn et al., 2019a; Perlman et al., 2014). Reliability of this subscale was good (α 
=.81) and scores varied widely from 1.50 – 6.67 (M = 4.296, SD = 1.110).

Dimensional spectrum of irritability.—Caregivers also completed the Temper Loss 

scale of the Multidimensional Assessment Profile of Disruptive Behavior questionnaire 

(MAP-DB; Wakschlag et al., 2012). This questionnaire measures the full dimension of 

normative to clinical levels of irritability and has shown good reliability and validity in 

previous studies (Wakschlag et al., 2012; Wakschlag et al., 2018). The Temper Loss subscale 

consists of 22 items that assess variations in quality, intensity, and context of irritable moods 

and tantrums. The maximum possible score is 110, with scores in our sample ranging from 

0–89 (M = 22.121, SD = 15.177). Reliability of the scale in our sample was excellent (α 
=.96).

Irritability-related impairment.—Parents were interviewed about their children’s 

irritability by a trained researcher using the Early Childhood Irritability Impairment 

Interview (E-CRI; Wakschlag et al., under review). This semi-structured interview was 

designed to assess meaningful variations in impairment associated with irritable mood and 

tantrums across various contexts (i.e., home, out and about, with peers, siblings, non-

parental adults, and school/childcare). The interview has been shown to have good inter-

rater, test-retest, and longitudinal reliability (Wakschlag et al., under review). A total of 12 

scores were derived from this interview, six tantrum impairment scores (for each of the six 

social contexts) and six irritable mood impairment scores. During validation, multi-method, 

multi-trait modeling (MTMM) was used to generate a two-factor model with tantrum-related 

and mood-related impairment factors with excellent fit (CFIs > .999, RMSEAs = .015−.22) 

(Wakschlag et al., under review), supporting the creation of independent sum scores of mood 

and tantrum impairment to be used here (Mood: 0–14, M = 3.888, SD = 2.593; Tantrums: 1–

16, M = 4.621, SD = 2.583).

Latent irritability factor.—We used factor analysis to combine the four indicators of 

irritability—temperamental irritability, dimensional spectrum of irritability, tantrum-related 

impairment, and irritable mood-related impairment—into a single score. All four variables 

were significantly correlated (rs > .315, p < .001). A factor analysis using a principal axis 

factor extraction was conducted. A single factor accounted for most of the variance 61.40%, 

with an eigenvalue of 2.456. All four indicators had good factor loadings: temperamental 
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irritability .685, dimensional spectrum of irritability.791, tantrum-related impairment .761, 

and irritable mood-related impairment .548.

Next, we used a Barlett approach to compute factor scores from the factor solution. We 

chose this approach because of its advantages in producing unbiased estimates of the true 

factor scores (Hershberger, 2005). Two children had factor scores values that were more than 

4 SD above the mean. Their scores were winsorized to the value for 3 SD above the mean (a 

value of 3.24) to improve the normality of this variable (Wilcox, 2011).

Maternal irritability.—Mothers completed the Affective Reactivity Index (ARI; Stringaris 

et al., 2012) to assess their own irritability. This short questionnaire consists of seven items, 

six of which assess irritability severity and one assessing impairment. The mean of the six 

severity items was used in analyses, as a three-level gradation (0–2) of irritability severity. 

Analyses including the related construct of neuroticism (NEO-FFI-3; McCrae & Costa, 

2010) are included in Appendix S1 in the Supporting Information.

Results

Differences in behavioral synchrony between conditions

Descriptive statistics can be found in Table 1. On average, dyads spent 292.36 seconds 

(SD=127.73 seconds) in synchrony during Frustration and 306.50 seconds (SD=105.94 

seconds) in synchrony during Recovery. A paired-sample t-test revealed no differences in 

behavioral synchrony between contexts, t(97)=−1.156, p=.251.

Differences in neural synchrony between conditions

Parent-child inter-subject connectivity for the ‘Frustration’ context was significant; there 

was significant neural synchrony for 12 channel-pairs (peak connection: t(115)=4.759, 

q=.0002) compared to the null distribution (Figure 1). For the ‘Recovery’ context, there was 

significant neural synchrony in 14 channel-pairs (peak connection: t(115)=4.934, q=.0001). 

There were no differences in neural synchronization between contexts (peak connection: 

t(115)=2.298, q=.445).

Correlations between behavioral and neural synchrony

Behavioral and neural synchrony for were significantly associated in the ‘Frustration’ 

context (r(98)=.209, p=.038 (Figure 2). Having stronger mean levels of synchrony was 

associated with more behavioral synchrony during the ‘Frustration’ context. Behavioral and 

neural synchrony were not correlated in the ‘Recovery’ context (, r(98)=−.094, p=.358).

Correlations between child and maternal irritability and behavioral synchrony

Parent and child irritability were significantly correlated (r(116)=.344, p<.001) (see Appendix 

S1 for alternative analyses using maternal neuroticism instead of maternal irritability). 

Pearson correlations revealed that less dyadic synchrony during both Frustration (r(98)=

−.349, p<.001) and Recovery (r(98)=−.269, p=.007) were associated with more child 

irritability. Maternal irritability was not associated with behavioral synchrony (rs(116)<−.113, 

ps>.268).
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Correlations between child and maternal irritability and neural synchrony

Child irritability was associated with neural synchrony during Recovery, r(116)=−.206, 

p=.027, such that having a child with high irritability was associated with greater difficulty 

achieving neural synchrony during the ‘Recovery’ context only (Figure 3). Maternal 

irritability was not associated with neural synchrony (rs(116)<−.059, ps>.531) and 

controlling for maternal irritability did not change the nature of the association between 

neural synchrony and child irritability (r(113)=−.198, p=.034).

Lastly, to assess if this link between irritability and neural synchrony during ‘Recovery’ was 

a methodologic artifact (i.e., if it could be the result of decreases in neural synchrony from 

Frustration to Recovery), we created a difference score from our neural measures and 

correlated this with child irritability. This correlation was not significant, r(116)=.069, 

p=.463, suggesting that child irritability was not associated with a marked decrease in 

synchrony from the ‘Frustration’ to ‘Recovery’.

Discussion

The current study validates the DB-DOS: BioSync, a paradigm that builds upon a 

developmentally-sensitive behavioral paradigm by demonstrating the utility of using 

biological indicators of synchrony to understand parent-child interactions and its 

implications for child temperament and psychopathology. As expected, higher child 

irritability was associated with less neural synchrony in the lateral PFC. These findings offer 

a neural explanation for why some parents with highly irritable children may have 

difficulties supporting the development of their children’s regulatory skills, namely because 

of problems establishing the social reciprocity that would enable co-regulation. Our finding 

that children with higher levels of irritability had difficulties achieving synchrony both at the 

behavioral and neural level offers novel evidence of a neurobiological pathway by which 

difficulties in the co-regulation of frustration contribute to impaired development of self-

regulation and increased risk for psychopathology.

Our finding that neural synchrony during recovery related to irritability is consistent with 

previous work that has shown recovery phases to be particularly relevant for the regulation 

of anger in children (Kahle et al., 2016). Moreover, it builds on work by Tronick and 

colleagues (Ham & Tronick, 2009; Tronick, 2007) by showing that recovery periods may be 

more important for predicting positive outcome than the general amount of time spent in 

synchrony. Relative reductions in parent-child dyadic synchrony during recovery may 

suggest that children with higher levels of irritability have difficulty recovering from 

frustration extending previous work on synchrony during recovery periods. Additionally, our 

findings suggest that this might be primarily driven by child and not parent characteristics. It 

also extends work on frustration and irritability by exploring periods of post-frustration (i.e., 

recovery) in addition to periods of frustration, something that is often overlooked in 

irritability work. Moreover, the absence of a relationship between maternal irritability and 

parent-child synchrony could be taken as evidence that child factors are particularly strong 

drivers of dyadic synchrony. It is also possible, however, that the lack of findings were due 

to the relatively low levels of irritability reported by the mothers in our sample (although 
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findings examining the related construct of neuroticism suggest this might not be the case; 

For results with neuroticism (NEO; McCrae & Costa, 2010) see Appendix S1).

Another explanation for our finding that neural synchrony during recovery only relates to 

irritability could be differences in task demands. While the recovery context was a low 

demand period of unstructured play, the frustration context was a structured goal-oriented 

task. It is possible that the structured nature of the frustration context might have constrained 

the types of interactions that occurred during this context, potentially obscuring differences 

in the way parents of more irritable subjects interacted with their children. Although our 

main findings were with the recovery period, both contexts resulted in significant neural 

synchrony and did not differ in the mean level of synchrony elicited, suggesting that our 

findings were not due to differences in synchrony between contexts. This lack of differences 

in level of neural synchrony, however, are not particularly surprising as neural synchrony is 

thought to emerge from shared mental states and is considered a mechanism for the 

facilitation of bond formation (Redcay & Schilbach, 2019; Wheatley et al., 2012), which 

were both important aspects of our frustration and recovery contexts.

An unexpected but important difference between these two contexts, however, pertains to the 

lack of correlations between behavioral and neural synchrony for Recovery. It is possible 

that our measure of behavioral synchrony was associated with neural synchrony during the 

Frustration task because it better captured the processes that would elicit synchrony during a 

goal-oriented task (e.g., actively working together towards a clear shared goal), but it did not 

completely capture the processes driving neural synchrony during our measure of recovery 

(i.e., a context without a clear goal). Though follow-up is needed, our study serves as 

evidence of the utility of neural synchrony for understanding biological risk for child 

psychopathology beyond what can be captured from behavioral synchrony alone. Moreover, 

our methodological decision to include a recovery context of play as well as a more 

structured but potentially frustrating context is a notable contribution to research on parent-

child neural synchrony. While studies on parent-child neural synchrony have primarily used 

computer-based tasks (Millet et al., 2018; Reindl et al., 2018), we used two more 

ecologically valid contexts, allowing us to better capture the types of parent-child 

interactions that are likely to occur outside the laboratory.

Our study presents the DB-DOS: BioSync as a promising method for the assessment of 

neural synchrony in parent-child dyads with substantial implications for our understanding 

of early psychopathology. This task could be used as a potential outcome measure for 

studies examining biological mechanisms for treatment efficacy (e.g. Parent Child 

Interaction Therapy or PCIT). It also holds promise as a platform for yoked assessment 

using other imaging modalities and other physiological indicators of synchrony (e.g., shared 

arousal using autonomic measures), which would allow for a greater understanding of the 

biological processes underlying these interactions. Indeed, we are currently testing the utility 

of this paradigm using EEG methods in parent-infant dyads. Thus it provides a potentially 

robust biology:behavior linkage in the quest to elucidate mechanisms by which some 

irritable young children escalate to psychopathology while others develop adaptively over 

time. Specifically, using measures of parent-child neural synchrony could help clarify how 
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difficulties in the co-regulation of frustration (as evidence by decreased neural synchrony 

between parent and child) potentiate risk for later psychopathology.

While our study has notable strengths, some limitations should be noted. First, while studies 

using dimensional approaches to irritability in community samples are important for 

clarifying trajectories towards psychopathology, few children in our study had clinical levels 

of irritability, however, temperament was quite variable. Additionally, while the use of a 

latent irritability construct that comprehensively captured the different expressions of 

irritability across contexts (which we could only do by capitalizing on parent’s knowledge of 

their child’s behavior across contexts) in a developmentally-sensitive manner is a notable 

strength of the study, future studies should aim to include non-parent-reported measures of 

irritability such as behavioral observations. Another limitation pertains to the lack of 

longitudinal data. Given evidence that how parents interact with their irritable children 

changes post-infancy (Crockenberg & McCluskey, 1986), it will be important to explore 

how neural synchrony matures across development beginning in infancy. We also 

acknowledge the limitations of our study design to fully disentangle the role of the structure 

and demands of each of the context on neural synchrony, future studies should more 

carefully consider the role of context on measures of neural synchrony to better parcel out 

what about the context is driving these associations. Moreover, our study focused on 

synchrony during interactions that were either positive or mildly frustrating, however, it is 

possible that a deeper exploration of synchrony during very negative interactions would also 

reveal important information about the parent-child relationship with vital implications for 

child psychopathology. When thinking about this in the context of neural synchrony, it is 

possible that high neural synchrony during very negative interactions would have a negative 

impact on child psychopathology, but this should be carefully tested. Relatedly, given that 

adaptive interactions are not always synchronous (Tronick, 2007), there are other types of 

adaptive behaviors that could have happened during the interaction that were not 

synchronous in nature. Lastly, because fNIRS only allows for the measurement of cortical 

regions, we were limited in how much we could probe the entirety of the emotion regulation 

network. Future work, however, should aim to complement our findings with measures of 

network connectivity and better spatially defined functional neuroimaging in children, in 

order to assess how parent-child synchrony might shape this network.

The DB-DOS:BioSync advances neurodevelopmental frameworks such as RDoC that aim to 

integrate brain:behavior mechanisms towards prevention at the earliest phase of the clinical 

sequence, but are underdeveloped in terms of neurodevelopmental operationalization and 

accounting for the role that the environment plays in shaping these pathways (Mittal & 

Wakschlag, 2017). Continued efforts along these lines are crucial to fully realize the promise 

of this approach for neuroscience-based prevention of mental disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

• There is some evidence that child irritability is associated with difficulties 

with the regulation of frustration and with less positive parenting. However, 

we know little about the biological mechanisms underlying this.

• This study aimed to explore neural synchrony as a putative biological 

mechanism for co-regulation in the context of irritability in the preschool 

years

• Neural synchrony was measured during a mildly frustrating goal-oriented 

context and an unstructured recovery play period. A latent irritability factor 

was calculated from four parent-report measures of child irritability.

• Results showed that neural synchrony during play but not during a goal-

oriented task was associated with child irritability.

• Our study contributes new insight to our understanding of the biological 

underpinnings of difficulties in parent-child co-regulation of emotion in 

preschool irritability.
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Figure 1. 
(A) Mean inter-subject synchronization for the ‘Frustration’ and ‘Recovery’ conditions 

relative to the null distribution derived from permutation testing. (B) Comparisons of inter-

subject synchronization between the two conditions.
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Figure 2. 
Correlation between neural and behavioral synchrony during Frustration. Magenta lines 

represent 95% confidence interval of the prediction line.
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Figure 3. 
Correlation between child irritability factor scores and mean neural synchrony during 

Recovery. Light blue lines represent 95% confidence interval of the prediction line.
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Table 1.

Descriptive statistics and correlations among predictors

Mean SD Range 1 2 3 4 5 6

1. Child irritability* −0.026 1.007 −1.69–3.33 -

2. Neural Synchrony Frustration .431 .482 −.71–1.56 −.107 -

3. Neural Synchrony Recovery .432 .471 −.72–1.96 -.206 .039 -

4. Behavioral Synchrony Frustration 292.36+ 127.73 0–488 -.349 .209 .018 -

5. Behavioral Synchrony Recovery 306.50+ 105.94 18–517 -.269 −.049 −.094 .475 -

6. Maternal Irritability .349 .442 0–2 .340 −.038 −.059 −.113 −.097 -

Note. Bold = p < .05.

*
Factor scores extracted from the FA (winsorized).

+
Values correspond to sum of seconds in synchrony.
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