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Abstract

This study investigated whether parents and kindergarten children show concurrent

and time-lagged physiological synchrony during dyadic interaction. Further, we tested

whether parent–child behavioral co-regulation was associated with concurrent and

time-lagged synchrony, and whether synchrony varied by the type of interaction task.

Participants were 94 children (Mage = 5.6 years, 56% female) and their parents. We

simultaneously measured parent and child respiratory sinus arrhythmia (RSA) during

four dyadic interaction tasks: free play, clean up, problem-solving, and puzzle teach-

ing.We found that synchrony varied by task. Concurrent synchrony occurred only dur-

ing the puzzle teaching task, such that parent and child RSA were significantly and

positively associatedwith each other simultaneously. Time-lagged synchrony occurred

only during the problem-solving task, such that parent RSA was positively associated

with child RSA 30 seconds later, and child RSA was negatively associated with par-

ent RSA 30 seconds later. Although behavioral co-regulation and physiological syn-

chrony have been conceptualized as markers of responsive parent–child interactions,

our study finds no evidence that physiological synchrony is associated with between-

dyad differences in behavioral co-regulation.
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1 INTRODUCTION

Positive parent–child relationships that are grounded in mutual

responsivity help children to internalize self-regulated behavior and

adjust positively across developmental domains (MacPhee, Lunken-

heimer, & Riggs, 2015). The responsivity of parent–child relationships

can be reflected in their physiological synchrony, the extent to which

parent and child display covarying physiological responses over the

course of dyadic interaction (Davis, West, Bilms, Morelen, & Suveg,

2018). However, prior research on physiological synchrony has

largely focused on samples of infants, preschoolers, and adolescents.

Researchers know less about physiological synchrony in 5-year-old

children, who rely closely on their parents, but also independently face

new daily challenges in kindergarten that require internalized self-

regulated behavior (Calkins, 2011). This study used hierarchical linear

modeling to investigate whether parents and kindergartners show

concurrent and time-lagged physiological synchrony over the course

of dyadic interaction. Further, we examined whether concurrent and

time-lagged synchrony varied by the type of dyadic interaction task.

Finally, we tested whether concurrent and time-lagged synchrony

were associated with levels of parent–child behavioral co-regulation,

that is, the extent to which the parent and child displayed positive,

reciprocal, and supportive patterns of behavior (Bardack et al., 2019).

1.1 Parent–child physiological synchrony and the
parasympathetic nervous system

As children and parents interact, their bodies respond to each other

physiologically. Physiology is a time-varying measure that can be
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calculated continuously. Measuring child and parent physiology

continuously and simultaneously reveals variability in the extent to

which their physiological responses dynamically covary or synchronize

during dyadic interaction (Davis et al., 2018). In other words, physio-

logical synchrony is the extent to which increases or decreases in the

child’s physiological activation correspond to changes in the parent’s

physiological activation, and vice versa.

According to the biobehavioral conceptual framework of attach-

ment, parent–child physiological synchrony is a uniquely formative

experience for children’s neurological, social, and emotional develop-

ment (Feldman et al., 2017). Specifically, physiological synchrony is

believed to influence children’s brain maturation and ability to form

interpersonal attachments, self-regulate, and engage positively with

their environment (Feldman et al., 2017). Although theoretical mod-

els of synchrony were initially developed using research from infants

and their parents, synchrony is believed to influence children’s adap-

tation from infancy through adolescence (Feldman et al., 2017). How-

ever, prior emperical research has focused on infancy, preschool-age,

and adolescence, and researchers know less about physiological syn-

chrony in 5-year-old children and their parents. It is important to

extend the studyof parent–child synchrony to the kindergartenperiod,

whichmarks an important developmental transition when children are

increasingly expected to independently regulate their arousal, emo-

tions, and behavior in educational settings, while still relying on their

parents for co-regulation.

Physiological synchrony can be measured using a variety of physio-

logical indices such as hormone levels (e.g., cortisol) and cardiac mea-

sures (e.g., heart rate). We focus here on synchrony of the parasym-

pathetic nervous system. The parasympathetic nervous system offers

unique insight as a marker of physiological synchrony, because it

responds dynamically tomild andmoderate social and emotional expe-

riences frommoment to moment (Porges, 2007). The parasympathetic

nervous system is measured via respiratory sinus arrhythmia (RSA),

reflecting the high-frequency heart rate variation controlled by effer-

ent fibers of the vagus nerve during the respiratory cycle. Polyvagal

theory posits that RSA reflects positive coping and engagement with

contextual stimuli or challenges in the moment (Porges, 2007). There-

fore, changes in parent and child RSA may help illuminate the degree

towhich parent and child aremutually responsive to each other during

dyadic interaction.

Using repeated measurements, RSA can be calculated repeat-

edly across short periods of time or “epochs,” which traditionally

last 30 s (Davis et al., 2017). Fluctuations in parent and child RSA

can then be analyzed on multiple time frames (Obradović & Boyce,

2012). For example, researchers can examine concurrent synchrony

by testing whether parent and child physiological activation both

increase or decrease simultaneously, within each epoch of time (e.g., Li,

Sturge-Apple, Liu, & Davies, 2020). In addition, researchers can exam-

ine time-lagged synchrony by testing whether increases or decreases

in the physiological activation of one partner correspond with

changes in the physiological activation of the other in a “subsequent”

epoch (e.g., Helm, Miller, Kahle, Troxel, & Hastings, 2018). Although

both concurrent and time-lagged models reflect dynamic physiolog-

ical synchrony between dyadic partners, each model offers unique

insight.

1.2 Concurrent versus time-lagged physiological
synchrony

First, concurrent models indicate the extent to which parent and

child physiological changes co-occur simultaneously. As such, concur-

rent parent–child synchrony is the correlation between simultaneous

changes in parent and child RSA, and is understood as the extent to

which parent and child are attuned to each other in the moment (Feld-

man et al., 2017). In contrast, investigating time-lagged synchrony sheds

light on potential directionality, that is, the extent to which the parent

may influence the child or vice versa (Helm et al., 2018). Time-lagged

models illustrate not just that synchrony occurs, but “how” it emerges.

For instance, if only parent physiology predicts subsequent child phys-

iology (but child physiology does not predict parent physiology), then

this would suggest that child physiological changes are sensitive and

attuned to prior parent physiological changes. If changes in parent

physiology predict subsequent changes in child physiology “and” vice

versa, this would suggest that parent and child physiology are recip-

rocally related, potentially indicating that parents and children adjust

their physiological arousal in response to their partner’s prior physio-

logical state. In this way, investigating time-lagged synchrony can elu-

cidate whether physiological synchrony is driven initially by changes in

parent or child physiology.

Initial research on parasympathetic nervous systems (PNS) syn-

chrony focused on concurrent synchrony mostly between infants and

mothers (e.g., Feldman, 2006; Moore, 2009). This work demonstrated

that fluctuations in parent and infant RSA were concurrently associ-

ated with each other over the course of interaction tasks, using within-

dyad analyses (Ostlund, Measelle, Laurent, Conradt, & Ablow, 2017;

Pratt, Singer, Kanat-Maymon, & Feldman, 2015). More recent stud-

ies with preschool-age children and adolescents have shown mixed

results.On theonehand, a sampleof 47preschoolers found that fluctu-

ations in parent and child RSAwere concurrently, positively associated

with each other during a free play, clean up, and teaching task (Lunken-

heimer et al., 2015; Lunkenheimer, Tiberio, Skoranski, Buss, & Cole,

2018). This finding was replicated in two studies of parents and ado-

lescents engaged in problem-solving discussion tasks (Li et al., 2020;

McKillop&Connell, 2018). On the other hand, a study of 83 preschool-

ers found that parent and child RSA were not concurrently associated

witheachotherduring readingandpuzzle tasks (Helmetal., 2018). Fur-

ther, among10-year-olds from low-socioeconomic statusbackgrounds,

parent and child RSA were only significantly concurrently associated

with each other for parents and childrenwith low levels of internalizing

symptoms, during a baseline or conflict discussion (Suveg et al., 2019).

Only a few studies have investigated time-lagged synchrony of RSA.

One study of 83 preschoolers showed parent RSA positively predicted

subsequent child RSA 30 s later, but child RSA was not related to sub-

sequent parent RSA (Helm et al., 2018). This finding was replicated in

a sample of 59 adolescents using 15-s time lags (McKillop & Connell,
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2018). However, theremay be developmental differences in the extent

towhich parent and child physiology are related. To shed light ondevel-

opmental change, it is important to investigate whether parents and

children show concurrent and time-lagged physiological synchrony at

kindergarten age. On the one hand, parent physiology may influence

child physiology during kindergarten, or dyads may demonstrate con-

current synchrony, given that kindergarteners are still closely attuned

to and reliant on their parents.On theother hand, children’s physiology

may not be synchronized or may be less synchronized with their par-

ents’ physiology during kindergarten (when compared to prior studies

of preschool age), given that kindergartners transition toward increas-

ing behavioral independence.

1.3 Variation in synchrony by task

Given that physiological synchrony is believed to partially reflect

the extent to which parents and children are engaged in tempo-

rally matched, reciprocal patterns of behavioral and emotional attune-

ment (Feldman et al., 2017), physiological synchrony may be strongest

when parents and children are engaged in tasks that are relatively

more structured, and require more joint attention and engagement. To

empirically demonstrate the contexts inwhich physiological synchrony

occurs, researchers can measure physiological synchrony across sev-

eral different types of interactions. At age 15, adolescents and par-

ents showed concurrent RSA synchrony during a discussion of pleas-

ant events, but not during a conflict discussion (Amole, Cyranowski,

Wright, & Swartz, 2017). In contrast, at age 10, concurrent RSA syn-

chrony was strongest during a conflict discussion, compared to a base-

line sitting task and a task in which the child performed a stressful

speech while the parent observed (Suveg et al., 2019). At preschool

age, concurrent heart rate synchrony occurred during a collaborative

drawing task, but not during a 4-min baseline period during which

mothers and children sat next to each other (Suveg, Shaffer, & Davis,

2016). In another study of preschoolers, concurrent RSA synchrony

was strongest during free play and clean up, compared to a structured

teaching task (Lunkenheimer et al., 2018). These studies suggest that

RSA synchrony varies across different types of interaction and differ-

ent tasks should be examined separately. This approach may reveal

the social contexts in which RSA synchrony occurs or is strongest, and

thereby shed light on the environmental circumstances in which RSA

synchrony emerges. At kindergarten age, physiological synchrony may

occur during tasks that are relatively more structured, but not during

tasks that are less structured, because children are learning to inde-

pendently engage with their environment from their early experiences

in the classroom away from their parent.

1.4 Behavioral correlates of physiological
synchrony

Identifying behavioral factors that explain variability in the degree to

which dyads display physiological synchrony can help researchers to

understand the significance of physiological synchrony for child devel-

opment. Initial biobehavioral frameworks conceptualized parent–child

physiological synchronyaspositive (Feldmanet al., 2006), but empirical

research has shown mixed results as to whether synchrony is associ-

ated with parent and child risk factors (e.g., emotional and behavioral

challenges). For instance, one study suggested that parent–child phys-

iological synchrony is strongest among dyads who exhibit insecure-

resistant attachment style (Smith et al., 2016), whereas another study

suggested that parent–child physiological synchrony is strongest

among dyads who experience more optimal emotional and behavioral

adjustment (i.e., fewer internalizing symptoms and aggressive behav-

iors; Lunkenheimer et al., 2017). Further, the association between

parents’ and children’s behavioral adaptation and their physiological

synchrony likely depends on the study context, measures, and develop-

mental timing (Davis et al., 2018).More research that investigates how

parent and child behavior are related to physiological synchrony at

kindergarten age may help to clarify the implications of physiological

synchrony during this period.

In particular, researchers havehypothesized that parent–child phys-

iological synchronymay be based, in part, on the quality of the parent–

child interaction, also known as parent–child positive behavioral

co-regulation (Davis et al., 2018). Positive behavioral co-regulation

reflects the extent to which parent and child display positive, recipro-

cal, and harmonious patterns of behavior during shared dyadic interac-

tions, and is uniquely important for child adjustment (MacPhee et al.,

2015). Young children from dyads that show more positive behavioral

co-regulation exhibit more self-regulated behavior (Bardack, Herbers,

& Obradović, 2017; Lunkenheimer, Hamby, Lobo, Cole, & Olson, 2020;

Scholtes, Lyons, & Skowron, 2021; Suveg et al., 2016), and respondwith

greater RSA withdrawal during individualized laboratory challenges

(Armstrong-Carter, Sulik, & Obradović, 2021). However, it remains

unclearwhether positive behavioral co-regulation is related to parent–

child physiological synchrony.

If they are related, then physiological synchrony may be useful as a

markerof effectiveness for interventionsdesigned to improve thequal-

ity of parent–child relationships (e.g., Granic, O’Hara, Pepler, & Lewis,

2007).

In order to understand the behavioral correlates of physiological

synchrony, researchers should first establish whether there is mean-

ingful variability in the degree to which dyads display physiological

synchrony. Several studies have investigated the behavioral correlates

of concurrent RSA synchrony, demonstrating that broad measures of

parenting quality (e.g., maternal engagement) are positively linked to

physiological synchrony from preschool age to adolescence (Lunken-

heimer, Kemp, Lucas-Thompson, Cole, & Albrecht, 2017; McKillop &

Connell, 2018; Suveg et al., 2019; Woody, Feurer, Sosoo, Hastings, &

Gibb, 2016). Some prior studies did not report whether there was sig-

nificant between-dyad variability in physiological synchrony (Lunken-

heimer et al., 2015;McKillop&Connell, 2018; Suveg et al., 2019, 2016;

Woody et al., 2016), whereas others found evidence of significant

between-dyad variability in physiological synchrony at preschool age

and in adolescence (Amole et al., 2017;Helmet al., 2018; Li et al., 2020).

This work illustrated that on average, parents and adolescents with
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higher levels of emotional well-being showed stronger, more positive

concurrent RSA synchrony (Amole et al., 2017; Li et al., 2020). More-

over, parents and preschoolers with higher levels of positive mater-

nal teaching behaviors show stronger, more positive concurrent RSA

synchrony, whereas dyads who experience maternal disengagement

show weaker concurrent RSA synchrony (Skoranski, Lunkenheimer,

& Lucas-Thompson, 2017). More research that investigates whether

there is significant variability in the degree of synchrony between

dyads can help researchers to understand whether individual differ-

ences in dyadic behavior may be related to shared patterns of physi-

ological arousal.

1.5 Current study

This study investigated synchrony of parent and child PNS. We exam-

ined whether (1) parents and children showed concurrent and time-

lagged PNS synchrony; (2) these two types of synchrony varied by

the context of the interaction task; and (3) positive behavioral co-

regulation was associated with concurrent and time-lagged synchrony

or the average-level correlation between parent and child physiology.

We measured parent and child RSA during 20 min of varied dyadic

interaction, including free play, clean up, problem-solving, and teach-

ing tasks. We used hierarchical linear models and controlled for aver-

age levels of RSA. This approach enabled us to disaggregate dynamic

RSA synchrony from the average-level correlation between parent and

child mean RSA, which might be partially influenced by shared biology

or environmental experiences (Davis et al., 2018). To capture positive

parent–child co-regulation, we used a second-by-second independent

coding of child and parent behavioral states during interaction (Bar-

dack et al., 2017).

We hypothesized that: (1) Fluctuations in parent and child RSA

would be significantly and positively associated with each other over

the course of dyadic interaction in both concurrent and time-lagged

models, which would reveal bidirectional associations. We hypothe-

sized a positive direction because the majority of past research has

found either positive synchrony or no significant synchrony (for a

review, see Davis et al., 2018), whereas only one study found nega-

tive synchrony throughout the study (Ostlund et al., 2017). In another

study, synchrony ranged frommoderately negative to moderately pos-

itive, but the majority of 43 dyads show positive synchrony (Creavy,

Gatzke-Kopp, Zhang, Fishbein, & Kiser, 2020). (2) Synchrony would

differ across tasks, such that synchrony would be stronger in the

more structured tasks (i.e., teaching and problem-solving tasks) com-

pared to the less structured tasks (i.e., free play and clean up). (3)

Higher levels of positive parent–child behavioral co-regulation would

be associated with stronger concurrent and time-lagged synchrony,

and the association between parent and child average RSA would be

stronger for dyads who display high levels of positive parent–child

behavioral co-regulation. This hypothesis was informed by biobehav-

ioral perspectives on parent–child physiological synchrony (Feldman

et al., 2006), although empirical evidence supporting this hypothesis

has beenmixed.

2 METHOD

2.1 Participants

The participants were 94 kindergarteners (Mage = 5.62 years; SD =

0.55; 52% female [n = 49]) drawn from a sample of 102 children who

participated in a laboratory study with a primary caregiver (Mage =

38.92 years; SD = 6.82 years; 93% female [n = 87]). Eight children

and their caregivers were excluded from the current study because

they did not complete the dyadic physiological protocol. Two addi-

tional parentsweremissing physiological data. Familieswere recruited

with advertisements at community centers, preschools, elementary

schools, and libraries and were eligible if they had a child who was

fluent in English and entering kindergarten or first grade. The sam-

ple was racially diverse, with caregivers reporting the children as 36%

White, 26% Hispanic/Latino, 20% Asian, 4% Black, and 14% Multira-

cial/Other. Seventeen percent of participating caregivers were single

parents. Seventeen percent reported educational attainment of a high

school diploma or less, whereas 42% had earned a graduate or pro-

fessional degree. Consistent with this, 23% of the families reported

household income less than $50,000, whereas 36% reported house-

hold income greater than $200,000.

2.2 Procedure

Primary caregivers and children visited a university research labo-

ratory to complete a 3-h protocol. Upon arrival, research assistants

greeted and consented the dyad, introduced them to the laboratory

setting and the study protocol, and set up equipment for measuring

physiological responses. Parents completed an in-person survey,

which included demographic information, with a trained interviewer.

During the 2.5-h session, children completed a series of challenge

tasks designed to elicit physiological response with a research assis-

tant; these are not used in the current study. Toward the end of the

session, parents and children reunited to participate in four video-

recorded, structured tasks designed to capture the quality of the

parent–child interaction and, specifically, patterns of parent–child

behavioral co-regulation. The parent–child interaction protocol lasted

for approximately 30 min (including transition time between tasks)

andwas video-recorded. During the free play task, the parent and child

were asked to play together with provided toys; unbeknownst to the

child, the parent had been instructed to enforce a rule disallowing the

child from touching certain attractive toys. During the clean-up task,

the parent was instructed to read a magazine while asking the child

to clean up the toys, but was not prohibited explicitly from helping

the child during this task. During the problem-solving discussion, the

dyad was asked to try to resolve a salient issue that the parent had

chosen from a list of age-appropriate, parent–child challenges (e.g.,

waking up on time, getting along with siblings). During the teaching

task, the parent was asked to teach and support the child in com-

pleting a series of challenging geometric puzzles called the “Tangos

Game.” The free play, problem-solving, and teaching tasks each lasted
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approximately 5–6 min. The clean-up task lasted approximately 3 min.

All procedures were approved by the Stanford University Institutional

Review Board.

2.3 Measures

2.3.1 Physiological response

During the parent–child interaction tasks, parent and child RSA

response was measured using a Wireless BioNomadix RSP module

(BIOPAC Systems, Goleta, CA). This was a small electrocardiogram

device attached separately to parent and child. From this device, we

derived parent and child RSA. RSA was estimated as the natural loga-

rithm of the variance of heart period within the high-frequency band-

pass associatedwith respiration. The high-frequency bandpass was set

to 0.15–0.80 Hz for estimating child RSA (Bar-Haim, Marshall, & Fox,

2000; Rudolph, Rudolph, Hostetter, Lister, & Siegel, 2003) and 0.12–

0.40 Hz for estimating parent RSA (Bar-Haim et al., 2000; Rudolph

et al., 2003). Prior to analyses, each waveform was verified, interbeat

intervals were checked visually, and artifacts were removed. Specif-

ically, research assistants underwent a rigorous training process for

processing the ECG data and calculating RSA values using AcqKnowl-

edge software. All research assistants coded 10%of the same files, and

demonstrated good reliability (ICC> .95). RSA values were then calcu-

lated in 30-s epochs.

For each parent and child, we calculated two RSA variables. First,

for each individual (i.e., parent or child) we calculated their average

RSA value across all of their epochs for a given task (e.g., full interac-

tion, free play, clean up, problem-solving, or teaching task). Second, we

mean-centered each RSA value in each epoch around that individual’s

person-mean for a given task. Thesemean-centered RSA variables var-

ied across epochs.

2.3.2 Positive parent–child behavioral
co-regulation

Tomeasure parent–child positive co-regulation, we used an innovative

state-space grid (SSG) methodology, which captures observer ratings

of moment-to-moment changes in dyadic behavior patterns. Using a 4

× 4 SSG grid, parent and child behaviors were coded on a continuous,

second-by-second basis into mutually exclusive and exhaustive cate-

gories reflecting the behavioral state of the dyad (see Bardack, Her-

bers, & Obradović, 2017). Child behavior was plotted on the y-axis and

was codedas: (1) activeon task (e.g., leadingplay, engaging theparent in

joint attention); (2) passive on task (e.g., following parent’s lead during

play, listening to parent); (3) withdrawn/disengaged (e.g., avoiding eye

contact, turning away); or (4) defiant/dysregulated (e.g., verbally refus-

ing; expressing emotional distress). Parent behavior was plotted on the

x-axis and was coded as: (1) positive control (e.g., redirecting child’s

attention to on-task behavior, comforting); (2) following the child’s lead

(e.g., responding to child’s play and verbalizations); (3) disengaged (e.g.,

ignoring child, appearing distracted or withdrawn); or (4) negative con-

trol (e.g., criticizingor showingharshphysical contact).Wedefinedpos-

itive co-regulation as temporally co-occurring parent–child behaviors

inwhich theparent guides ormaintains children’swell-regulated atten-

tion and behavior. In other words, the cells selected from the grid rep-

resented parent positive control behaviorswhen the childwas showing

either positive behaviors (i.e., actively and passively on-task) or nega-

tive behaviors (i.e., withdrawn from the interaction or exhibiting defi-

ant, dysregulated behavior).

Using Gridware 1.5 (Lamey, Hollenstein, Lewis, & Granic, 2004),

we derived variables characterizing the tendency of dyadic behavior

to occur and maintain within the region of parent–child positive co-

regulation: (a) the proportion of time spent in this region relative to the

whole grid (M = 0.82, SD = 0.09), (b) average duration (in seconds) per

cell (M= 150.54, SD= 23.46) in this region, and (c) average return time

(reversed; M = 2.80, SD = 0.67) to this region. We standardized and

averaged these three variables to create a composite score for parent–

child positive co-regulation (α= .87). For each dyad, we calculated five

positive parent–child behavioral co-regulation values: across the course of

the full interaction, free play, clean up, problem-solving, and teaching

task.

2.3.3 Child and family demographics

Child gender was coded 0 = Boys, 1 = Girls. Child age was entered as

numerical age. Family socioeconomic status (SES) was a composite of

family income andmaternal education.

2.4 Missing data and outliers

All available data were used in the analysis. All children in the analytic

sample (N = 94) had complete demographic and positive parent–child

behavioral co-regulation data. On average, children and parents had

29 epochs of usable RSA data across the full interaction (SD = 11.50,

Min = 0, Max = 43). Most dyads had nine epochs during the free play

(89% of dyads), problem-solving (95%), and teaching tasks (93%), and

five epochs during the clean-up task (94%). All outliers>3SDwerewin-

sorized to 3SD (N = 35 epochs for parent RSA, N = 6 epochs for child

RSA). In our analytical sample, missing RSA data were due to technical

issues suchaspoor signal quality fromtheelectrocardiogram, andnoisy

data due to physical movements (e.g., sneezing, coughing, or excessive

bodymovements).

2.5 Statistical analysis

Weused hierarchical linear models that nested epochs (Level 1) within

dyads (Level 2). Following recent expert recommendations, we person-

centered all Level 1 RSA values, and controlled for person-average

values for RSA (Davis et al., 2018; Helm et al., 2018). This statistical

approach helps to isolate within-dyad versus between-dyad effects

(Curran & Bauer, 2011; Wang & Maxwell, 2015), and therefore is
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well-suited to the temporal and dyadic nature of our data. Given that

our primary predictors were mean-centered and not standardized, we

report unstandardized beta estimates that cannot be interpreted as

effect sizes.

Our first research question was whether parents and children

showed concurrent and time-lagged PNS synchrony. For concurrent

synchrony, we tested person-centered child RSA as a function of

person-centered parent RSA in the same epoch and person-average

parent RSA across epochs (Model 1). We tested this first during the

entire dyadic interaction (i.e., across all four tasks) and then sepa-

rately within each task (free play, clean up, problem-solving, and teach-

ing). For separate analyses within each task, the average RSA con-

trol variables were derived within that task only. Specifically, we used

the equations below, in whichpRSAi ,e and cRSAi ,e denote the i indi-

vidual parent and child mean-centered RSA values, respectively, dur-

ing the t task during epoch e. In models where we tested the full

dyadic interaction across all four tasks, t reflects all four tasks. μ
denotes an individual’s person-meanvalueofRSAwithin a given taskor

across the full interaction, depending on themodel. ε denotes the error
term.

cRSAi,e = 𝛽0 + 𝜇Pi + 𝛽pRSAi,e + 𝜀Ci,e . (1)

For time-lagged synchrony, we first tested whether parent RSA in a

given epoch predicted child RSA in the next epoch (i.e., 30 s later), again

controlling for parent average RSA values (Model 2):

pRSAi,e+1 = 𝛽0 + 𝜇Ci + 𝛽cRSAi,e + 𝜀Pi,e . (2)

Conversely, in a separate model, we then tested whether child RSA

in a given epoch predicted parent RSA in the next epoch (i.e., 30 s later),

again controlling for child average RSA levels (Model 3):

cRSAi,e+1 = 𝛽0 + 𝜇Pi + 𝛽pRSAi,e + 𝜀Ci,e . (3)

We did not test time-lagged models across the full interaction due

to temporal breaks of a few minutes between each task. As a follow-

up to the time-lagged analysis, we additionally tested whether parent

RSApredicted subsequent child RSA “over and above” concurrent child

RSA, and vice versa. This approach increased the robustness of our

findings andprovidedgreater insight into thepotential directionality of

the associations. Specifically, within each task, we first tested whether

parent RSA in a given epoch predicted child RSA in the next epoch (i.e.,

30 s later), controlling for parent average RSA values “and” child RSA

in the “same” epoch. Conversely, in a separate model, we next tested

whether child RSA in a given epoch predicted parent RSA in the next

epoch (i.e., 30 s later), again controlling for child average RSA levels

“and” parent RSA in the “same” epoch:

pRSAi,e+1 = 𝛽0 + 𝜇Ci + 𝛽cRSAi,e + 𝛽pRSAi,e + 𝜀Pi,e, (4)

cRSAi,e+1 = 𝛽0 + 𝜇Pi + 𝛽pRSAi,e + 𝛽cRSAi,e + 𝜀Ci,e. (5)

Our second research questionwaswhether synchrony varied by the

type of interaction task. We addressed this by examining synchrony

model (described above), first across the full interaction, then sepa-

rately within each interaction task.

Our third research question was whether positive behavioral co-

regulation was associated with concurrent and time-lagged synchrony

between- and within-dyads. As a prerequisite to determine whether it

was appropriate to test positive parent–child behavioral co-regulation

as a predictor of synchrony, we tested the same models as above (con-

current and time-lagged), but included random slopes on the intercept

and the mean-centered predictor variable to establish whether syn-

chrony varied significantly between dyads. u denotes random effects

applied to the intercept (0) or variable slopes:

cRSAi,e = 𝛽0 + 𝜇Pi + 𝛽pRSAi,e + u0 + upRSAi,e + 𝜀Ci,e, (6)

pRSAi,e+1 = 𝛽0 + 𝜇Ci + 𝛽cRSAi,e + u0 + ucRSAi,e + 𝜀Pi,e, (7)

cRSAi,e+1 = 𝛽0 + 𝜇Pi + 𝛽pRSAi,e + u0 + upRSAi,e + 𝜀Ci,e. (8)

We then compared the statistical fit between the two equivalent

models with and without random slopes using “pchisq” function in

R. We then added two interaction terms as simultaneous predictors.

Specifically, we created one cross-level interaction term (i.e., positive

parent–child behavioral co-regulation on Level 2 multiplied by mean-

centered parent RSA on Level 1), and one Level 2 interaction term (i.e.,

positive parent–child behavioral co-regulation on Level 2 multiplied

by person-average parent RSA on Level 2). We included both of these

interaction terms as predictors of child RSA in the model. We tested

this model first across the full interaction, then separately within each

interaction task.

All analyses were conducted using R. Child gender, age, and family

socioeconomic status were not correlated significantly with parent or

child RSA (ps> .05), so they were not included as covariates.

3 RESULTS

Table 1 displays descriptive statistics for parent and child RSA by task.

Table 2 displays descriptive statistics and bivariate correlations for

study constructs, using levels of RSA and parent–child co-regulation

averaged across the entire interaction. Average child RSA was corre-

lated positively with average parent RSA (r = .28, p < .01). Positive

parent–child coregulationwas correlatedpositivelywith family socioe-

conomic status (r= .27, p< .01). There were no other significant corre-

lations between study variables.

3.1 Concurrent RSA synchrony

Table 3 displays the results of the hierarchical linear models. Model

1 represents concurrent synchrony in parent and child RSA, over and

above the average correlation in parent and child RSA. Across the
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TABLE 1 Descriptive statistics for parent and child RSA by task

1 2 3 4 5 6 7 8

1. P- RSA free play –

2. P- RSA clean up .87*** –

3. P- RSA problem-solving .90*** .90*** –

4. P- RSA teaching .91*** .86*** .92*** –

5. C- RSA free play .28** .16 .26* .23* –

6. C- RSA clean up .16 .08 .07 .08 .80*** –

7. C- RSA problem-solving .22* .10 .18+ .19+ .81*** .79*** –

8. C- RSA teaching .27* .20+ .25* .26* .84*** .81*** .87*** –

Mean 5.96 5.91 6.05 5.90 7.14 6.93 7.31 7.30

SD 0.95 1.00 1.04 1.00 0.94 0.97 0.98 0.97

Min 3.28 3.37 2.82 3.29 5.12 4.86 5.37 5.40

Max 9.26 9.38 9.38 9.34 9.12 9.17 9.48 9.50

Note: Significant associations p < .05 are bolded. RSA and positive parent–child behavioral co-regulation are average values from across each task. “P-” rep-

resents Parent values. “C-” represents Child values.

***p< .001;

**p< .01;

*p< .05.

TABLE 2 Correlations and descriptive statistics for study constructs

1 2 3 4 5 6

1. Child average RSA –

2. Parent average RSA .28** –

3. Positive parent–child behavioral co-regulation .05 –.09 –

4. Girl child –.07 .08 .02 –

5. Child age .15 –.10 .12 –.08 –

6. Family SES .04 .02 .27** .00 .08 –

Mean 7.22 6.01 0.00 1.53 5.60 –0.02

SD 0.89 1.01 1.00 0.50 0.56 1.01

Min 5.38 3.14 –3.98 1.00 4.42 –2.58

Max 9.39 9.35 1.63 2.00 6.87 1.42

Note: Significant associations p < .05 are bolded. RSA and positive parent–child behavioral co-regulation are average values from across the entire dyadic

interaction.

***p< .001;

**p< .01;

*p< .05.

entire interaction (i.e., all four tasks), we found concurrent synchrony,

such that parent and child RSAwere significantly and positively associ-

ated with each other (b= 0.05, SE= 0.02, p= .02). When we separated

out each task, this positive association was significant only during the

teaching task (b = 0.09, SE = 0.03, p = .01). Specifically, fluctuations

in parent RSA co-occurred with fluctuations in child RSA in the same

direction. We found no evidence of concurrent synchrony during free

play, clean up, or problem-solving tasks (bs= 0.00–0.06, ps= .19–.98).

3.2 Time-lagged RSA synchrony

Table 3 also displays results of time-lagged synchrony run separately

by task, with Model 2 representing parent-to-child effects, and Model

3 representing child-to-parent effects. In both Model 2 and Model

3, we found time-lagged synchrony during the problem-solving task

only, such that parent RSA positively predicted subsequent child RSA

in Model 2 (b = 0.10, SE = 0.04, p = .02), and child RSA negatively pre-

dicted subsequent parent RSA in Model 3 with slightly less magnitude

(b = –0.09, SE = 0.03, p = .01). We found no evidence of time-lagged

synchrony in the free play, clean up, or teaching tasks (bs= –.10 to .09,

ps= .14–.80).

To increase the robustness of our findings, we also tested whether

parent RSA continues to predict subsequent child RSA over and above

concurrent child RSA and vice versa, by additionally controlling for

prior epoch levels of each RSA outcome. Again, we found time-lagged

synchrony during the problem-solving task only, such that child RSA
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8 of 12 ARMSTRONG-CARTER ET AL.

TABLE 3 Hierarchical linear model nesting epochs within participants, demonstrating within-dyad and between-dyad associations between
parent and child RSA

Full interaction Free play Clean up Problem-solving Teaching

b SE p b SE p b SE p b SE p b SE p

Model 1: Concurrent dynamic associations: Parent RSA predicting concurrent child RSA

Intercept –1.24 0.56 0.03 –1.77 0.63 0.01 –0.77 0.76 0.31 –0.74 0.64 0.25 –0.90 0.59 0.13

Same epoch parent RSA 0.05 0.02 0.02 0.00 0.04 0.98 0.02 0.08 0.81 0.06 0.05 0.19 0.09 0.03 0.01

average Parent RSA 0.21 0.09 0.03 0.29 0.10 0.01 0.09 0.13 0.49 0.14 0.10 0.18 0.17 0.10 0.09

Model 2: Lagged dynamic associations: Parent RSA predicting child subsequent RSA

Intercept – – – –1.07 0.60 0.08 –1.50 0.78 0.06 –0.50 0.63 0.42 –1.70 0.59 0.00

Previous epoch parent RSA – – – 0.05 0.04 0.20 –0.10 0.08 0.21 0.10 0.04 0.02 –0.05 0.03 0.18

Average parent RSA – – – 0.17 0.10 0.09 0.20 0.13 0.13 0.11 0.10 0.30 0.31 0.10 0.00

Model 3: Lagged dynamic associations: Child RSA predicting parent subsequent RSA

Intercept – – – –1.93 0.80 0.02 –0.38 0.90 0.67 –2.38 0.86 0.01 –1.79 0.87 0.04

Previous epoch child RSA – – – 0.05 0.04 0.17 0.09 0.05 0.07 –0.09 0.03 0.01 0.06 0.05 0.20

Average child RSA – – – 0.26 0.11 0.02 0.05 0.13 0.70 0.34 0.12 0.00 0.23 0.12 0.05

N 94 dyads with 2623 observations

Note: Significant associations p<.05 are bolded.

continued to significantly and negatively predict subsequent par-

ent RSA (b = –0.10, SE = 0.03, p = .006), whereas parent RSA only

marginally and positively predicted subsequent child RSA (b = 0.08,

SE = 0.04, p = .060). We found no evidence of time-lagged synchrony

in the free play, clean up, or teaching tasks.

3.3 Between-dyad variability

To establishwhether synchrony significantly varied between dyads, we

included randomeffects in themodels described above. Specifically, we

tested each concurrent and time-lagged model described above, this

time including a random effect for the intercept and the predictor (i.e.,

parent RSA).We found that the randomeffectswere not significant for

any of the concurrent or time-laggedmodels across the full interaction

or within each task (ps = .09–.90). This result suggests that there was

no significant variability between dyads in the level of synchrony.

We next investigated whether positive parent–child behavioral co-

regulation was related to both between- and within-dyad physiologi-

cal synchrony. The cross-level interaction term and Level 2 interaction

termwere not significant, suggesting that positive parent–child behav-

ioral co-regulation was not related to between- or within-dyad physi-

ological synchrony, across the full interaction or in any individual task

(ps= .31–.97).

In follow-up sensitivity analyses, we also tested all of the models

described above with the inclusion of family socioeconomic status as

a covariate. All results remained identical.

4 DISCUSSION

This study investigated whether kindergarten children and their par-

ents exhibit concurrent and time-lagged physiological synchrony over

the courseof shared, dyadic interaction. Further,weexaminedwhether

the presence and nature of parent–child physiological synchrony var-

ied by the type of interaction task, and whether positive parent–child

behavioral co-regulation was associated with concurrent and time-

lagged synchrony. Only during the teaching task, parent and child RSA

concurrently and positively synchronized within 30-s epochs. Only

during the problem-solving task, parent and child RSA appeared to

reciprocally influence each other in opposite directions across subse-

quent 30-s epochs. We did not find evidence that dyadic physiological

synchrony is associated with between-dyad differences in behavioral

co-regulation. Our findings extend growing interest in understand-

ing parent–child physiological synchrony to kindergarten age (Davis

et al., 2018). Moreover, our findings suggest that physiological syn-

chronymay bemore useful as a biomarker for examining changewithin

parent–child dyads across time or contexts, rather than individual dif-

ferences between dyads.

4.1 Dyadic teaching interaction: A context for
concurrent RSA synchrony

Only during the teaching task, we found that fluctuations in parent

and child RSA co-occurred in a positive, concurrent fashion. Specifi-

cally, during 30-s periods when parent RSA was higher than average,

their child’s RSA was simultaneously also higher than average. This

result was robust to the average-level correlation between parent and

child RSA, which could be influenced by underlying shared biology

or environmental experiences, as well as parent and child individual-

ized responses to the task. In contrast, during free play, clean up, and

problem-solving tasks, parent and child RSA did not show concurrent

synchrony.
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During the teaching task, parents were asked to guide and support

their child in completing challenging geometric puzzles. This type of

teaching and learning activity might entail joint attention, simultane-

ous engagement, and synchronized behavioral responses between par-

ent and child,which in turnmight facilitate concurrent, shared patterns

of physiological arousal. Overall, parents may strive to be attuned to

their child’s response to the challenge and respond in turn with feed-

back, guidance, and instruction. Conversely, children may watch their

parent’s demonstration and listen to their parent’s verbal cues. In this

way, shared attention on the structured learning activity may facili-

tate shared, simultaneous patterns of parent and child physiological

arousal. In contrast, parent and child physiological arousalmaynot syn-

chronize during more individualized tasks that do not necessarily pro-

mote high levels of joint attention, such as free play or clean up.

Some prior research suggests that concurrent synchrony differs

depending on how much close, shared attention the dyadic task

facilitates. Preschoolers and parents showed concurrent heart rate

synchrony during a structured, collaborative drawing task, but not

during a baseline period when child and parent sat quietly side by side

(Suveg et al., 2016). In another sample, preschoolers with high levels of

externalizing behaviors showed stronger concurrent RSA synchrony

with their parents during a dyadic teaching task compared to free play

and clean up (Lunkenheimer et al., 2018). However, the same study also

showed that preschoolers with “low” externalizing behaviors showed

weaker concurrent RSA synchrony during the structured teaching

task, compared to free play and clean up, perhaps because they were

able to regulate their own behavior more effectively and engage in the

learning opportunity more independently (Lunkenheimer et al., 2018).

Future research should further investigate whether the strength of

physiological synchrony is contingent on the structure of the task, and

the quality of teaching and joint attention and individual differences in

child behavior.

4.2 Problem-solving dyadic interaction: A context
for time-lagged RSA synchrony

We found time-lagged synchrony during the problem-solving task only.

Specifically, parent RSA “positively” predicted subsequent child RSA

(30 s later), whereas child RSA “negatively” predicted subsequent par-

ent RSA. These bidirectional associations illustrated a rise-and-fall

pattern. For example, increases in parent RSA predicted subsequent

increases in child RSA, which in turn predicted subsequent decreases

in parent RSA. This finding suggests that while discussing solutions

together, changes in parent and child physiological arousal precede

each other, and may bidirectionally influence each other. In contrast,

during free play, clean up, and teaching tasks, parent and child RSA did

not synchronize in a time-lagged fashion.

If young children are behaviorally attuned to and following the par-

ent’s directions and cues during the discussion, changes in children’s

underlying physiology may follow changes in their parent’s physiol-

ogy. Matching patterns of physiology might support parents’ and chil-

dren’s emotional and behavioral attunement in the moment, whereas

theparent strives toengage the child and theywork together (Feldman,

2006). Subsequently, once child physiological arousal has increased or

decreased andmore closelymatches theparent’s physiological arousal,

parent physiological arousalmay change in the opposite direction, such

that it returns closer to baseline. Thus, the observed pattern of time-

lagged physiological synchrony may reflect how parent–child dyads

adjust their physiology in response to the states of their partner. In par-

ticular, time-lagged synchronymay emerge during our problem-solving

task (rather than concurrent synchrony) because the problem-solving

task involves a back-and-forth verbal discussion, or “give and take,”

rather than simultaneous engagement on a single shared activity (e.g.,

the tangos game from our teaching task). Because these physiological

changes likely occur unconsciously, future research should clarify the

extent to which changes in RSA map onto parents’ and children’s sub-

jective emotional and cognitive experiences.

Our sensitivity analysis showed that when controlling for levels

of RSA 30 s prior, parent RSA only predicted subsequent child RSA,

whereas child RSA did not predict subsequent parent RSA during the

problem-solving task. This pattern of synchrony could be indicative of

parents taking a more leading role in discussing and solving a prob-

lem since they chose it, whereas children followed their parent’s lead.

This finding and interpretation is consistent with two prior studies of

preschoolers and adolescents, which showed time-lagged parent–child

RSA synchrony such that parent RSA positively predicted subsequent

child RSA, but child RSA did not predict subsequent parent RSA (Helm

et al., 2018;McKillip & Connel, 2018).

4.3 No link between behavioral co-regulation and
physiological synchrony

Our test of random effects indicated that there was no significant

between-dyad variability in the level of concurrent or time-lagged

RSA synchrony. Further, between-dyad differences in behavioral co-

regulation were not associated with either parent–child physiological

synchrony (i.e., within dyads) or the average-level correlation between

parent and child RSA (i.e., between dyads). This result may be consid-

ered surprising because both physiological synchrony and behavioral

co-regulation were initially conceptualized as markers of responsive

parent–child interactions (Feldman, 2006). However, there is grow-

ing evidence that stronger, more positive physiological synchrony is

not always associated with positive parent and child adaptation (e.g.,

Creavy,Gatzke-Kopp,Zhang, Fishbein,&Kiser, 2020).Our findinghigh-

lights two characteristics of physiological synchrony. First, physiolog-

ical synchrony may depend more on the structure of the interaction

task (e.g., teaching task vs. free play) compared to the quality of dyadic

interaction (e.g., displayed behaviors of mutual responsivity, parental

positive control). Regardless of whether the parent is behaviorally

exhibiting positive, supportive control toward the child, he or she

may engage in physiologically synchronized interactions with the child.

Future research should further investigate whether other features of

the parent–child relationship (e.g., psychological stress, conflict) are

associated with the nature and timing of physiological synchrony.
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10 of 12 ARMSTRONG-CARTER ET AL.

Second, physiological synchrony may be a more useful biomarker

formeasuring change “within” dyads over time, compared to individual

differences between dyads. Future work may identify momentary

changes in shared physiological processes that, within and across

sessions, can quantify contextual change within a dyad over time.

For instance, shared physiological processes could act as markers of

intervention effectiveness (Granic et al., 2007). Moreover, measuring

physiological synchronymay inform the design of innovative parenting

interventions that seek to change maladaptive parent–child interac-

tion patterns by targeting and reinforcing small positive moments in

dyadic interactions (Fisher et al., 2016). Dynamic understanding of

physiological contingencies could shed light on key moments in which

to intervene.

It is possible that individual differences in dyadic behavior are

related to synchrony in other physiological systems that we did not

measure—such as heart rate, which is influenced by both the parasym-

pathetic and sympathetic branches. In one study of infants and par-

ents, heart rate synchrony increased significantly during secondswhen

maternal and child affect and vocalizations were more matched dur-

ing a free play task, compared to when affect and vocalizations were

lessmatched (Feldman,Magori-Cohen,Galili, Singer, & Louzoun, 2011).

Because that study measured both affect and synchrony on a second-

to-second basis and used only within-dyad analysis via autoregressive

models, significant between-dyad variability was not a necessary pre-

requisite for their analyses. Future research should attempt to repli-

cate these within-dyad associations between physiological synchrony

and parent–child co-regulation at kindergarten age. On the one hand,

physiological synchrony and parent–child co-regulationmaybe related

on a second-by-second basis during infancy but not during kinder-

garten age, when children are relatively more independent. On the

other hand, physiological synchrony and parent–child co-regulation

may be related on a second-by-second basis also during kindergarten,

because kindergartners are still closely attuned to and reliant on their

parents.

In addition, future research should simultaneously measure

dyadic behavior and differentiate between both the sympathetic and

parasympathetic branches, for example, by measuring pre-ejection

period and RSA, respectively, in longitudinal samples. Future research

should also further investigate a wider range of child and parent

experiences that might interplay with synchrony, such as experiences

of parent–child conflict or maltreatment (e.g., Creaven, Skowron,

Hughes, Howard, & Loken, 2014). For instance, one study suggested

that physiological synchrony was protective among 5-year-old chil-

dren with a history of trauma (Gray, Lipschutz, & Scheeringa, 2018).

Finally, future research should consider how different methodological

and statistical approaches influence the ability to detect relations

among behavioral co-regulation and physiological synchrony. For

example, analytical methods that use continuous time series and

second-by-second coding may reveal previously undetected associa-

tions between behavioral co-regulation and physiological synchrony

(Gates & Liu, 2016). This method would necessitate extremely precise

second-by-second pairing of physiological and behavioral data (Gates

& Liu, 2016). Future research may also explore associations between

behavioral co-regulation and nonlinear indices of cardiac complexity,

such as fractality and sample entropy (Berry, Palmer, Distefano, &

Masten, 2019).

4.4 Limitations

We acknowledge several limitations. First, our study is correlational.

Changes in one partner’s physiology may co-occur or precede changes

in the other without initiating a causal influence. Second, our small

sample size may have limited our ability to detect statistically signif-

icant between-dyad variability in physiological synchrony as well as

relations with behavioral coregulation. Our sample was similar in size

to some prior studies that have found significant physiological syn-

chrony (e.g., Helm et al., 2018; Suveg et al., 2019, 2016), but smaller

than others (e.g., Fuchs, Lunkenheimer, & Lobo, 2021; Li et al., 2020;

Lunkenheimer, Brown, & Fuchs, 2021). Future research should repli-

cate our findings in larger samples to clarify whether shared patterns

of behavior are associated with RSA synchrony. Third, and relatedly, in

our study only seven primary caregivers were men, which was a too

small subsample to examine how physiological synchrony differed by

primary caregiver gender. Future research should investigate parental

gender differences, to extend prior work examining parental gender

differences in the level of synchrony during adolescence (Li et al., 2020)

and at age three (Lunkenheimer et al., 2021) to kindergarten age.

Fourth, our study was cross-sectional. Examining physiological syn-

chrony across development in future longitudinal research may help

to clarify whether physiological synchrony meaningfully differs across

dyads as has beenobserved in someprior studies of older youth (Amole

et al., 2017; Li et al., 2020; Skoranski et al., 2017), but not at kinder-

garten age, as we observe. Finally, future research should test whether

there is significant between-dyad variability in physiological synchrony

in other samples, and whether this variability is associated with vari-

ous forms of stress and adversity. For instance, prior research suggests

that concurrent synchrony is positive among nondepressed mothers

and their adolescents (i.e., increases in parental RSAare linked to simul-

taneous increases in youthRSA),whereas concurrent synchrony is neg-

ative among depressed mothers and their adolescents (i.e., increases

in parental RSA are linked to simultaneous decreases in youth RSA;

Woody et al., 2016). Future work could investigate whether parental

depression, as well as other forms of stress and adversity, similarly

moderates synchrony at kindergarten age.

5 CONCLUSION

Previous research on parasympathetic synchrony has largely focused

on samples of infants, preschoolers, and adolescents, and studies of

kindergartners have been limited to at-risk samples that experienced

severe traumaormaltreatment (Creaven et al., 2014;Gray et al., 2018).

We extend this work to investigate physiological synchrony in a com-

munity sample of kindergartners, who are still reliant on their par-

ents, but also independently face new daily activities and challenges
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that require internalized self-regulated behavior (Calkins, 2011). Our

results suggest that fluctuations in parent and child RSA co-occur dur-

ing a teaching task, and reciprocally influence each other across sub-

sequent 30-s periods during a problem-solving task. Although behav-

ioral co-regulation and physiological synchrony have both been con-

ceptualized as markers of responsive parent–child interactions (Feld-

man, 2006), we did not find meaningful variability between dyads and

did not find that synchrony was related to parent–child behavioral

co-regulation. Our study contributes to the developmental literature

by illustrating that parent–child physiological synchrony may be more

closely linked to the structureand typeof interaction than todyadicdif-

ferences in observable behaviors. Moreover, physiological synchrony

may provide insight as a biomarker for measuring change in reciprocal

processeswithinparent–child dyadsover time. For example, physiolog-

ical synchronymaybeuseful for quantifyingdevelopmental changes, or

contextual changes within dyads over time, which might shed light on

when and how to support children’s positive adaptation.
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