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Abstract

The coordination of physiological processes between parents and infants is thought to support 

behaviors critical for infant adaptation, but we know little about parent-child physiological 

coregulation during the preschool years. The present study examined whether time-varying 

changes in parent and child respiratory sinus arrhythmia (RSA) exhibited coregulation (across-

person dynamics) accounting for individual differences in parent and child RSA, and whether 

there were differences in these parasympathetic processes by children’s externalizing problems. 

Mother-child dyads (N=47; Child age M=3½ years) engaged in three laboratory tasks (free play, 

clean up, puzzle task) for 18 min, during which RSA data were collected. Multilevel coupled 

autoregressive models revealed that mothers and preschoolers showed positive coregulation of 

RSA such that changes in mother RSA predicted changes in the same direction in child RSA and 

vice versa, controlling for the stability of within-person RSA over time and individual differences 

in overall mean RSA. However, when children’s externalizing behaviors were higher, 

coregulation was negative such that changes in real-time mother and child RSA showed 

divergence rather than positive concordance. Results suggest that mothers and preschoolers do 

coregulate RSA during real-time interactions, but that children’s higher externalizing behavior 

problems are related to disruptions in these processes.
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INTRODUCTION

Early caregiving is characterized by physiological coordination between parent and infant to 

support behaviors critical for infant adaptation (Feldman, 2012). Through this coordination, 

parents help organize the infant’s biological, behavioral, and affective systems and provide 

the neural inputs to lay the foundation for the child’s stress regulation system (Champagne, 

2008; Feldman, Magori-Cohen, Galili, Singer, & Louzoun, 2011). In this stress regulation 

system, the parasympathetic nervous system is important because it helps maintain 

biological homeostasis when the body is at rest (Porges, Doussard-Roosevelt, & Maiti, 

1994). Parasympathetic processes can be measured using respiratory sinus arrhythmia 

(RSA), an index of cardiac vagal tone (Porges, 2007). Vagal tone during periods of low 

stress is thought to reflect the ability to maintain homeostasis and the capacity to react to 

stress (Beauchaine, 2001); it is reflected in higher resting vagal tone or RSA. During stress, 

however, RSA is suppressed in order to mobilize the body’s fight or flight responses to meet 

environmental demands. These processes are evident in the individual reactivity of mothers 

and infants during stressful dyadic interactions in the laboratory (Conradt & Ablow, 2010). 

For example, mothers show RSA suppression in response to infant distress during the 

Strange Situation (Hill-Soderlund et al., 2008) and the Still Face task (Oppenheimer, 

Measelle, Laurent, & Ablow, 2013). Also, infants who do not show RSA suppression during 

the Still Face have lower levels of affective synchrony with their mothers (Moore & Calkins, 

2004).

Though empirical evidence is limited, mothers and infants have also shown dyadic 

coordination of RSA and other cardiac measures. Mothers and infants show coordination of 

heart rhythms within a lag of less than one second, and show greater concordance during 

times of interpersonal behavioral synchrony (Feldman et al., 2011). Others have found a 

marginal positive correlation in RSA suppression between mothers and their two month-olds 

in response to changes from baseline to a laboratory assessment (Bornstein & Suess, 2000). 

Moore and colleagues found that in the context of stress (the Still Face), infants showed 

RSA suppression while parents showed RSA augmentation during the disrupted interaction 

condition (Moore et al., 2009). This divergent responding may reflect disrupted coregulation 

due to stress; however, it may also reflect the goals of the Still Face, in which infants are 

thwarted in their interaction attempts whereas mothers are asked not to engage or soothe the 

infant. In sum, there is evidence that mothers and infants coregulate parasympathetic 

processes, but whether this coregulation is positive or negative may depend upon the goal of 

the interaction.

It is less clear whether parents and children coordinate parasympathetic processes after 

infancy. The preschool years are important for the development of self-regulation because 

children experience rapid growth in the emotional, cognitive, and behavioral skills that 

underlie self-regulation and are actively internalizing the capacity to self-regulate from 

parents and teachers (Calkins, 2007). Parasympathetic processes are considered the 

physiological substrates of these emotional and behavioral self-regulatory processes 

throughout development (Bornstein & Suess, 2000). Thus, parent-child coregulation of 

parasympathetic processes during preschool may be important in laying the physiological 

foundations for how successfully children internalize regulatory abilities during this period. 
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However, we lack empirical studies on these processes in early childhood. Related research 

has demonstrated that parents and preschoolers reflected one another’s stress reactivity 

through correlated adrenocortical responses during stressful tasks, though this concordance 

was only found in dyads of highly sensitive mothers (Sethre-Hofstad, Stansbury, & Rice, 

2002). With respect to parasympathetic processes specifically, one study on children in 

kindergarten found dynamic positive concordance between mother and child heart rate as 

well as concordance between mother heart rate and child RSA across a 5-min resting 

condition (Creaven, Skowron, Hughes, Howard, & Loken, 2014). However, they found no 

direct concordance between mother and child RSA. Accordingly, we have much more to 

learn about whether and how parasympathetic processes are coregulated between parents 

and their preschoolers.

Physiological coregulation may also be an important biomarker of risk (Hibel, Granger, 

Blair, & Cox, 2009). Parent-child behavioral coregulation, or the processes by which parent 

and child regulate one another’s affect and behavior, can be compromised by risk factors in 

the dyad (Lunkenheimer, Albrecht, & Kemp, 2013; Lunkenheimer, Olson, Hollenstein, 

Sameroff, & Winter, 2011). Poor coregulation may reflect difficulties in the “fit” between 

child temperament and parenting behaviors, which is also often compromised by early 

familial risk (e.g., Martorell & Bugental, 2006). In preschool, children’s externalizing 

problems are the most common risk factor, which also reflect the child’s behavioral 

dysregulation (Olson, Sameroff, Kerr, Lopez, & Wellman, 2005). Research has shown 

differences in parasympathetic arousal such that lower levels of resting RSA and greater 

RSA augmentation (as opposed to suppression) during stress have been associated with 

children’s higher externalizing problems (Calkins, Graziano, & Keane, 2007; Hastings et al., 

2008; Hinnant & El-Sheikh, 2009). Accordingly, children’s externalizing problems may be 

particularly likely to be related to the coordination of RSA between parents and 

preschoolers. For example, the child’s dysregulated behavior or atypical RSA responding to 

moments of stress during parent-child interaction could disrupt the coregulation of RSA 

between parent and child; alternatively, disrupted parent-child RSA coregulation could 

create corresponding challenges for the child in regulating his or her physiology or behavior.

PRESENT STUDY

The present study examined whether parents and preschoolers showed positive coregulation 

of RSA as measured across three different laboratory tasks (free play, a clean up task, a 

puzzle task) that lasted 18 min. Thus, we did not examine physiological reactivity to stress, 

but rather average RSA across 30-s intervals during parent-child interactions. We used a 

multilevel coupled autoregressive modeling approach to examine whether parent-child 

coregulation of RSA predicted each individual’s current RSA above and beyond 

intraindividual variability in RSA, measured at 30-, 60-, and 90-s lags. This novel approach 

allowed us to examine dynamic relations between changes in parent and child RSA across 

time. Specific research questions included: 1) Do patterns of time-varying changes in parent 

and child RSA exhibit coregulation (i.e., across-person dynamics) accounting for individual 

differences in mean level RSA and intraindividual variability in RSA across time? 2) Are 

individual differences in externalizing problems related to these coregulatory dynamics? We 

hypothesized that parents and children would show positive coregulation of RSA given prior 
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evidence in parent-child dyads of positive concordance in physiological measures (Bornstein 

& Suess, 2000; Creaven et al., 2014; Feldman et al., 2011). We also hypothesized that 

higher levels of child externalizing problems would be associated with disrupted 

coregulation, but did not specify the direction or nature of that disruption.

METHOD

Participants

Participants were 47 mother-child dyads who were part of a larger study (N=100) on parent-

child coregulation. These participants were selected because they had complete RSA data 

for mother and child across all laboratory tasks. Participants identified as 86% White, 8% 

Biracial, 3% Asian, and 3% “other” race, and 10% Hispanic or Latino ethnicity. Children 

(54% female) were 41 months old on average (SD=3 months). Median annual family income 

was $65,000 and parental education was high on average (college graduate). Marital status 

was 79% married, 7% cohabiting, 7% single, 5% separated or divorced, and 1% remarried. 

Participants were recruited via flyers in preschools and businesses and through email 

listserves of agencies serving families with young children. Families were excluded if 

children had a pervasive developmental disorder, if parents could not speak and read in 

English, or if participants had a health condition that interfered with cardiac data collection.

Procedure

A 2½-h laboratory visit began with an orientation and the application of electrodes and a 

respiration strap to mothers and their children (see below). During the session, mothers filled 

out questionnaires including a measure of children’s externalizing problems. Mothers and 

children also completed three dyadic tasks. The free play task involved asking mothers and 

children to “play as they normally would” with a variety of toys (7 min). The clean up task 

involved asking mothers to help guide children to put away the toys in a bin using only their 

words (i.e., mothers were asked not to physically help the children) (5 min). The puzzle task 

was a semi-structured task in which mothers were asked to guide children to complete three 

successive 3D wooden puzzles based on designs from a guidebook; once again, mothers 

were asked to use only their words to guide children (6 min). Families were compensated 

$50 for laboratory sessions and mother questionnaires. Please see Lunkenheimer et al. 

(2013) for more information about the larger study.

Measures

Respiratory Sinus Arrhythmia (RSA)—Physiological data for mother and child was 

acquired simultaneously via the Mindware 3000A Wireless System (Mindware 

Technologies, Gahanna, OH). Disposable electrocardiogram (ECG) electrodes were placed 

over the mother or child’s right clavicle and the left side below the ribcage (the recording 

electrodes), and on the right side below the ribcage (the grounding electrode). A crystal 

respiratory effort belt was placed below the diaphragm to monitor respiration. Both were 

connected to handheld computers placed in backpacks worn by each participant that 

communicated wirelessly with a desktop computer in the adjacent observation suite, which 

was monitored by a research assistant.
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ECG data were processed offline using Mindware Heart Rate Variability 3.0.13 software 

(Mindware Technologies). Interbeat interval data was edited by trained research assistants 

for artifacts resulting from mother and child movement or software misidentification. 

Misidentified or missing heartbeats were manually deleted or inserted as needed. Epochs 

requiring more than 10% editing were dropped from analysis; across all participants, 4.9% 

of the total epochs were dropped due to movement (166 out of 3384 epochs). Once these 

epochs were removed, five dyads showed more than 10% missing data within-dyad; 

however, these dyads did not significantly differ from other dyads in levels of child 

externalizing problems, t=−.77, df=45, n.s. RSA magnitude was calculated as the natural 

logarithm of the variance of heart period within the frequency bandpass related to respiration 

(0.24–1.04 Hz for children and 0.12–0.40 for adults) (Fracasso, Porges, Lamb, & 

Rosenberg, 1994) using Biolab 2.5 software (Mindware Technologies). Mean RSA 

magnitude was calculated for each 30-s interval and statistical outliers of the resulting RSA 

values were dropped from analysis (16 epochs).

There were wireless interference problems in the laboratory space such that the wireless 

connection was difficult to establish, or if the connection was broken (e.g., when children 

needed to use the bathroom midtask), it was difficult to re-establish. Accordingly, only 47 

families out of 100 in the larger study had complete and valid RSA data for all three tasks. 

On average, families with intact RSA data differed such that they had higher annual income, 

t=2.32, p<.05, their children were older, t=2.80, p<.01, and these children were rated lower 

on average on externalizing problems by mothers, t=−2.16, p<.05.

(1)

Externalizing Problems—Mothers reported on child externalizing problems via the 

Child Behavior Checklist (1.5–5; Achenbach & Rescorla, 2000). This scale reflects 

impulsivity, poor attentional control, and aggressive behavior. Convergent validity has been 

established with other measures of behavioral dysregulation (Olson et al., 2005). Cronbach’s 

alpha was .89. Three children met criteria for clinical levels of externalizing problems 

(T≥64), and three children met criteria for borderline clinical levels (60≤T≤63) of 

externalizing problems.

Analytic Approach

To examine the dynamics of mother-child RSA, multilevel coupled autoregressive models 

were fitted in Mplus version 7.2 (Muthen & Muthen, 1998–2012). Two models were run to 

account for potential differences in the direction and magnitude of the effects of 

intraindividual variability in RSA and RSA coregulation between mothers and preschoolers: 

one model predicting current parent RSA and one model predicting current child RSA. 

Overall parent and child mean RSA levels were included in these models to account for the 

effects that individual differences in mean RSA might have on intraindividual variability in 

RSA, coregulation of RSA, and moderation by child externalizing problems. Coupled 
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autoregressive analyses were applied to 30-s epochs of RSA data for 47 mothers and 47 

children on a total of 18 min of data.

Within-Dyad Model—The within-dyad associations across the epochs of RSA time series 

data were modeled using the Level 1 equations above.

Level 1 (Within-dyad, across time): (1)

In these equations, pRSAi,t and cRSAi,t denote the ith parent and ith child’s RSA values, 

respectively, at time t. These Level 1 equations involved consideration of the number of 

time lags necessary to capture the dynamics of intraindividual variability (IIV) and 

coregulation in parent-child RSA. We expected stability in intraindividual RSA (Porges et 

al., 1994), so accordingly, three time-lagged RSA values measured 30, 60 and 90 s prior to 

the current RSA value (denoted by t - 1, t-2 and t-3 in Equation 1) were included to capture 

the expected dynamics of IIV in RSA. The average effects of IIV in RSA over three 30-s 

time lags were denoted by β,P,IIV1,β,P,IIV2 and β,P,IIV3 for parents and β,C,IIV1, β,C,IIV2 and 

β,C,IIV3 for children. With respect to coregulation, average effects of concurrent coregulation 

(CO) in parent and child RSA were modeled via β,P,CO and β,C,CO. We considered adding 

lagged coregulation to the model to determine whether prior maternal RSA predicted current 

child RSA and vice versa. However, 30-s-lag coregulation parameters were non-significant 

for both parents, b=−0.03, p=.14, and children, b=−0.06, p=.12, and so lagged coregulation 

effects were not included in the model. Next, we determined whether our sample exhibited 

significant heterogeneity in each of the IIV and coregulation parameters and mean RSA 

values using model fit comparisons evaluated via the Wald statistic. As shown in Table 1, 

none of the IIV and coregulation variance components reached significance. However, our 

sample did exhibit significant heterogeneity in parents’ mean RSA values and marginally 

significant heterogeneity in children’s mean RSA values. Despite this marginal significance 

for child RSA heterogeneity, we fitted random intercept only models for both parents and 

children in order to make direct comparisons between the parent and child models. 

Specifically, parent and child RSA intercepts at epoch t were modeled as a function of μPi 

and μCi, respectively (where the i subscripts denote that random effects were included). Note 

that none of the regression coefficients for the IIV and coregulation parameters contain i 

subscripts and were thus modeled as fixed effects only.

Between-Dyad Model—Next, we examined whether differences among parents’ and 

children’s mean RSA values, IIV in RSA, and RSA coregulation parameters were 

moderated by differences in children’s externalizing behaviors using the Level 2 equations 

below. Note that the fixed effects denoted as β,P/C in the Level 1 Equations are represented 

as γP/C in the Level 2 Equations.

Level 2 (Between-dyad): (2)

These equations model the main effects of mean RSA (γP), moderation of parents’ IIV in 

RSA and RSA coregulation by child externalizing problems (αP), and random intercepts 

(uPi):
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(2)

These equations model the main effects of mean RSA (γC), moderation of children’s IIV in 

RSA and RSA coregulation by child externalizing problems (αC), and random intercepts 

(uCi):

(2)

RESULTS

Preliminary Analyses

Potential differences by socio-demographic factors were examined. Average mother and 

child RSA and externalizing problems were not related to SES, maternal education, child 

sex, or child age, and thus these controls were not included in analyses. The variables of 

average mother RSA, D(47) ¼.56, n.s., average child RSA, D(47)=.73, n.s., and child 

externalizing problems, D(47)=1.17, n.s., were normally distributed. Descriptive statistics 

and bivariate correlations are shown in Table 2. Lower average child RSA was correlated 

with higher externalizing problems, in line with prior research (Hinnant & El-Sheikh, 2009), 

whereas average mother RSA was not. Repeated measures ANOVA revealed that mother 

RSA, Wilks’ Lambda=.751, df=43, p<.05, and child RSA, Wilks’ Lambda=.659,df=43, p<.

01, were higher during the Free Play task than during the Cleanup or Problem-Solving tasks, 

which did not differ from one another.

Primary Analyses

Results for the multilevel coupled autoregressive models are in Table 3 (mother model) and 

Table 4 (child model). These models explained 37.55% of variance in mothers’ RSA and 

30.17% of variance in children’s RSA, respectively. As shown, all intercepts (γP/C), 

including the effects of overall mean RSA, intraindividual variability in RSA at all three 

lags, and coregulation of RSA, were significant in predicting current RSA for both mother 

and child. Thus, mothers and children exhibited both within-person stability in RSA and 

coregulation of RSA such that their current RSA was positively predicted by their own prior 

RSA at 30-, 60-, and 90-s intervals and positively predicted by their partner’s concurrent 

RSA. Findings indicated that, on average, both mothers and children exhibited significant 

time-varying dependence with their partner in changes in their RSA over the course of their 

interaction.
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With respect to the effects of externalizing problems in the child model, children with higher 

externalizing problems showed lower overall mean RSA levels, whereas externalizing 

problems was not related to intraindividual variability in children’s RSA. However, when 

children’s externalizing problems were higher, the effect of mothers’ concurrent 

coregulation on current child RSA was negative (despite that the overall effect of 

coregulation was positive). With respect to the parent model, higher externalizing problems 

were associated with higher overall mean mother RSA levels, but were not significantly 

related to mothers’ intraindividual variability in RSA. Also, once again, when children’s 

externalizing problems were higher, the effect of coregulation was negative such that 

children’s concurrent coregulation was negatively associated with mother RSA. Thus, with 

respect to directions of influence from both mother to child and child to mother, the 

coregulation of RSA was negatively coupled when children had higher levels of 

externalizing problems. These effects of child externalizing problems on coregulation held 

even after accounting for the individual differences in mother and child mean RSA that 

might be directly associated with children’s externalizing problems.

Findings for the effects of externalizing problems on mother and child mean RSA and RSA 

coregulation are illustrated in Figure 1a and b, respectively. Figure 1a demonstrates that, on 

average, mother mean RSA was higher and child mean RSA was lower for dyads with 

above average child externalizing problems. With respect to the coregulation of RSA, Figure 

1b depicts differences in the ratios of mother to child concurrent predicted RSA over time 

given average or above average child externalizing problems (where a positive or negative 

slope suggests more disrupted coregulation). When children had higher (versus lower) 

externalizing problems, these mother-child dyads exhibited a more divergent pattern in 

predicted RSA values over the course of the interaction, such that the differences in mother 

and child RSA became more divergent in real time.

DISCUSSION

In infancy, toddlerhood, and early childhood, self-regulation is largely a dyadic process in 

which care-giver and child regulate, and are regulated by, one another’s affect and behavior 

(Lunkenheimer et al., 2013; Moore et al., 2013). Emerging theory and research suggest that 

the direct, dyadic coordination of physiological regulatory processes between parent and 

child may also be important (Feldman, 2012). The present study expanded on this work and 

our findings converged with related studies (Bornstein & Suess, 2000; Creaven et al., 2014) 

in showing evidence of positive concordance in physiological processes between mothers 

and their children. We believe this to be the first study to demonstrate that preschoolers and 

their mothers show concordance in average RSA across time during parent-child 

interactions. These findings were robust in that the effects from both parent to child and 

child to parent were significant, over and above the effects of individual differences in mean 

RSA and within-person stability of RSA over time. These findings suggest that positive 

concordance in RSA may be normative in early childhood and an indicator of adaptive 

coregulation in mother-preschooler interactions.

Theorists argue that parent-child physiological coregulation lays the groundwork for the 

child’s developing self-regulatory abilities and corresponding difficulties (Calkins, 2011), 
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and therefore may be an important biomarker of risk. Given that children with externalizing 

problems manifest dysregulated physiology in the form of poor vagal regulation (Calkins et 

al., 2007), we hypothesized that when children had higher levels of externalizing problems, 

parent-child coregulation of RSA could be disrupted. We found that it was disrupted, and in 

particular, that mother-child dyads diverged in real-time changes in RSA over time when 

children had greater externalizing problems. This finding was robust in that it was found in 

both directions of influence (parent-to-child and child-to-parent) and accounting for the 

individual differences in mean child RSA shown to be associated with children’s 

externalizing problems (Calkins et al., 2007). These results suggest that positive 

concordance in parasympathetic processes between mother and child can be disrupted when 

children have higher levels of externalizing problems in early childhood, though the 

direction of causality is not yet clear. Given the importance of parent-child affective 

coregulation in preschool for children’s later behavior problems (Lunkenheimer et al., 

2011), future longitudinal research could consider the role of parent-child physiological 

coregulation in the etiology and prevention of children’s behavior problems.

Research suggests that parent-child physiological concordance may depend upon the context 

of the interaction, as well as moderators such as maternal sensitivity or familial risk 

(Atkinson et al., 2013; Barbara et al., 2013; Ebisch et al., 2012; Van Bakel & Riksen-

Walraven, 2008). We found positive concordance in overall mother-child RSA, but 

divergence when a risk factor (externalizing problems) was considered. Previous research 

has shown divergent patterning such that maternal RSA increased while infant RSA 

decreased in response to the Still Face paradigm (Moore et al., 2009). This pattern was 

explained in terms of Porges’ (2007) polyvagal theory of social interaction such that when 

mothers disengaged from interaction with their infants, their RSA increased. When applied 

to the present findings, this theory could imply that a) when dysregulated children attempted 

to elicit social interaction, mothers were more likely to disengage from them, or that b) 

mothers who viewed their children as challenging may have been less likely to engage with 

them. An alternative explanation might be c) that because children with higher externalizing 

problems have shown atypical augmentation of RSA in prior research (Calkins et al., 2007), 

the divergent pattern may reflect that when these children were disengaged, it required more 

active engagement and regulation from mothers to orient them to the task at hand. However, 

our findings (as depicted in Fig. 1) lend support to interpretations (a) or (b), given that 

externalizing problems were associated with higher average RSA for mothers and lower 

average RSA for children (as opposed to the reverse pattern) and this difference increased in 

magnitude over the course of the interaction.

There were certain limitations of this study. It is standard to control for resting RSA in 

analyses of RSA change in real time (Graziano & Derefinko, 2013); however, a measure of 

resting RSA was not available and so we employed overall mean RSA as an index of 

individual differences. Mean RSA might have been lower on average than resting RSA 

given that two of the tasks required actions of the dyad that may have been challenging, 

which could have impacted analyses. Although children’s externalizing problems were 

normally distributed, few children showed clinical levels. Therefore, more research is 

needed to determine generalizability to clinical populations. We also have more to learn 

about how the measurement of RSA in 30-s epochs interfaces with dynamic time series 
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analysis. For example, in our examination of coregulation, it is unclear why the partner’s 

concurrent RSA was influential, but the partner’s previous (lagged) RSA was not. This 

finding may reflect a ‘true’ absence of lagged effects, or could reflect that lagged effects 

occurred in less than 30 s (Feldman et al., 2011), which would have been obscured by the 

standard approach to calculating RSA. RSA coregulation could also vary by interaction 

context, including the demands placed upon the dyad (Bornstein & Suess, 2000) and the 

dynamic, time-varying behaviors of the parent and child during the task. For example, 

positive coregulation may be more likely when parent and child are asked to perform similar 

tasks, or less likely when the task is stressful and they respond to stress in different ways. 

Externalizing behavior ratings are rated in reference to the child’s behavior over months, but 

knowing whether dynamic measures of parent and child affect and goal-directed behavior 

during the task vary in relation to physiological coregulation would be especially 

informative. We plan to explore these dynamic and contextual dimensions in future work.

More research will be needed to begin to establish norms pertaining to physiological 

coregulation between parents and children, where those norms are possible. Related research 

has shown positive cortisol coregulation in parent-infant (Atkinson et al., 2013; Van Bakel 

& Riksen-Walraven, 2008) and parent-preschooler dyads (Sethre-Hofstad et al., 2002), as 

well as coordination of thermal indices of autonomic responding in mothers and children 

(Barbara et al., 2013; Ebisch et al., 2012). We only addressed one physiological system, but 

given convergent evidence, the examination of multiple systems could be more informative 

(Dennis, Buss, & Hastings, 2012). Our multilevel, coupled autoregressive analytic approach 

was advantageous in allowing for the study of coordination in time-varying changes in RSA 

over time. Researchers have offered other new methods of note for measuring RSA 

(Brooker & Buss, 2010; Burt & Obradovi,c, 2013) and analyzing physiological coregulation 

in dyadic interactions (Ferrer & Helm, 2013; McAssey, Helm, Hsieh, Sbarra, & Ferrer, 

2013; Saxbe & Repetti, 2010). Considering the established importance of parent-child 

coregulation of emotion and behavior and its effects on child development (e.g., Cole, Teti, 

& Zahn-Waxler, 2003), a better understanding of parent-child physiological coregulation 

can offer new insights into the biological underpinnings of children’s self-regulatory 

development and new biological markers and mechanisms to explore in delineating 

trajectories of developmental psychopathology.

Acknowledgments

NOTES

Research reported in this publication was supported by the National Institute of Child Health and Human 
Development of the National Institutes of Health under grant number 1K01HD068170-01A1. The content is solely 
the responsibility of the authors and does not necessarily represent the official views of the National Institutes of 
Health.

Contract grant sponsor: National Institute of Child Health and Human Development of the National Institutes of 
Health

Contract grant number: 1K01HD068170-01A1

Lunkenheimer et al. Page 10

Dev Psychobiol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

Achenbach, TM.; Rescorla, LA. Manual for the ASEBA Preschool Forms & Profiles. University of 
Vermont Center for Children, Youth, & Families; Burlington, VT: 2000. 

Atkinson L, Gonzalez A, Kashy DA, Basile VS, Masellis M, Levitan R. Maternal sensitivity and infant 
and mother adrenocortical function across challenges. Psychoneuroendocrinology. 2013; 38(12):
2943–2951. DOI: 10.1016/j.psyneuen.2013.08.001. [PubMed: 24007973] 

Barbara M, Cardone D, Ebisch SJH, Bafunno D, Aureli T, Merla A. Mom feels what her child feels: 
Thermal signatures of vicarious autonomic response while watching children in a stressful situation. 
Frontiers in Human Neuroscience. 2013; 7:1–10. DOI: 10.3389/ fnhum.2013.00299. [PubMed: 
23355817] 

Beauchaine T. Vagal tone, development, and Gray’s Motivational Theory: Toward an integrated 
model of autonomic nervous system functioning in psychopathology. Development and 
Psychopathology. 2001; 13:183–214. DOI: 10.1017/S0954579401002012. [PubMed: 11393643] 

Biolab 2.5 [Computer software]. Mindware Technologies LTD. Gahanna, OH: 

Bornstein MH, Suess PE. Child and mother cardiac vagal tone: Continuity, stability, and concordance 
across the first 5 years. Developmental Psychology. 2000; 36:54–65. DOI: 
10.1037/0012-1649.36.1.54. [PubMed: 10645744] 

Brooker RJ, Buss KA. Dynamic measures of RSA predict distress and regulation in toddlers. 
Developmental Psychobiology. 2010; 52:372–382. DOI: 10.1002/dev.20432. [PubMed: 20373328] 

Burt KB, Obradović J. The construct of psychophysiological reactivity: Statistical and psychometric 
issues. Developmental Review. 2013; 33(1):29–57. DOI: 10.1016/j.dr.2012.10.002. 

Calkins, SD. The emergence of self-regulation: Biological and behavioral control mechanisms 
supporting toddler competencies. Socioemotional development in the toddler years: Transitions and 
transformations. Brownell, CA.; Kopp, CB., editors. Guilford Press; New York, NY: 2007. p. 
261-284.

Calkins, SD. Caregiving as coregulation: Psychobiological processes and child functioning. Biosocial 
foundations of family processes. Booth, A.; McHale, SM.; Landale, NS., editors. Springer; New 
York: 2011. p. 49-59.DOI: 10.1007/978-1-4419-7361-0_3

Calkins SD, Graziano PA, Keane SP. Cardiac vagal regulation differentiates among children at risk for 
behavior problems. Biological Psychology. 2007; 74:144–153. [PubMed: 17055141] 

Champagne FA. Epigenetic mechanisms and the transgenerational effects of maternal care. Frontiers 
in Neuroendocrinology. 2008; 29(3):386–397. DOI: 10.1016/j.yfrne.2008.03.003. [PubMed: 
18462782] 

Cole PM, Teti LO, Zahn-Waxler C. Mutual emotion regulation and the stability of conduct problems 
between preschool and early school age. Development and Psychopathology. 2003; 15:1–18. DOI: 
10.1017/ S0954579403000014. [PubMed: 12848432] 

Conradt E, Ablow J. Infant physiological response to the still-face paradigm: Contributions of 
maternal sensitivity and infants’ early regulatory behavior. Infant Behavior and Development. 
2010; 33(3):251–265. DOI: 10.1016/j.infbeh.2010.01.001. [PubMed: 20207419] 

Creaven AM, Skowron EA, Hughes BM, Howard S, Loken E. Dyadic concordance in mother and 
preschooler resting cardiovascular function varies by risk status. Developmental Psychobiology. 
2014; 56(1):142–152. DOI: 10.1002/dev.21098. [PubMed: 24022469] 

Dennis TA, Buss KA, Hastings PD. Introduction to the monograph: Physiological measures of 
emotion from a developmental perspective: State of the science. Monographs of the Society for 
Research in Child Development. 2012; 77(2):1–5. [PubMed: 22905794] 

Ebisch SJ, Aureli T, Bafunno D, Cardone D, Romani GL, Merla A. Mother and child in synchrony: 
Thermal facial imprints of autonomic contagion. Biological Psychology. 2012; 89(1):123–129. 
DOI: 10.1016/j.biopsycho.2011.09.018. [PubMed: 22001267] 

Feldman R. Bio-behavioral synchrony: A model for integrating biological and microsocial behavioral 
processes in the study of parenting. Parenting: Science and Practice. 2012; 12(2-3):154–164. DOI: 
10.1080/15295192.2012.683342. 

Lunkenheimer et al. Page 11

Dev Psychobiol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Feldman R, Magori-Cohen R, Galili G, Singer M, Louzoun Y. Mother and infant coordinate heart 
rhythms through episodes of interaction synchrony. Infant Behavior & Development. 2011; 34(4):
569–577. DOI: 10.1016/j.infbeh.2011.06.008. [PubMed: 21767879] 

Ferrer E, Helm JL. Dynamical systems modeling of physiological coregulation in dyadic interactions. 
International Journal of Psychophysiology. 2013; 88(3):296–308. DOI: 10.1016/j.ijpsycho.
2012.10.013. [PubMed: 23107993] 

Fracasso MP, Porges SW, Lamb ME, Rosenberg AA. Cardiac activity in infancy: Reliability and 
stability of individual differences. Infant Behavior & Development. 1994; 17(3):277–284. DOI: 
10.1016/0163–6383 (94) 90006-X. 

Graziano P, Derefinko K. Cardiac vagal control and children’s adaptive functioning: A meta-analysis. 
Biological Psychology. 2013; 94(1):22–37. DOI: 10.1016/j.biopsycho.2013.04.011. [PubMed: 
23648264] 

Hastings PD, Nuselovici JN, Utendale WT, Coutya J, McShane KE, Sullivan C. Applying the 
polyvagal theory to children’s emotion regulation: Social context, socialization, and adjustment. 
Biological Psychology. 2008; 79(3):299–306. DOI: 10.1016/j.biopsycho.2008.07.005. [PubMed: 
18722499] 

Hibel LC, Granger DA, Blair C, Cox MJ. Intimate partner violence moderates the association between 
mother-infant adrenocortical activity across an emotional challenge. Journal of Family 
Psychology. 2009; 23(23):615–625. DOI: 10.1037/a0016323. [PubMed: 19803598] 

Hill-Soderlund AL, Mills-Koonce WR, Propper C, Calkins SD, Granger DA, Cox MJ. 
Parasympathetic and sympathetic responses to the strange situation in infants and mothers from 
avoidant and securely attached dyads. Developmental Psychobiology. 2008; 50(4):361–376. DOI: 
10.1002/dev.20302. [PubMed: 18393278] 

Hinnant J, El-Sheikh M. Children’s externalizing and internalizing symptoms over time: The role of 
individual differences in patterns of RSA responding. Journal of Abnormal Child Psychology. 
2009; 37(8):1049–1061. DOI: 10.1007/s10802-009-9341-1. [PubMed: 19711181] 

Lunkenheimer ES, Albrecht EC, Kemp CJ. Dyadic flexibility in early parent?child interactions: 
Relations with maternal depressive symptoms and child negativity and behavior problems. Infant 
and Child Development. 2013; 22(3):250–269. DOI: 10.1002/icd.1783. [PubMed: 24027424] 

Lunkenheimer ES, Olson SL, Hollenstein T, Sameroff AJ, Winter C. Dyadic flexibility and positive 
affect in parent-child coregulation and the development of child behavior problems. Development 
and Psychopathology. 2011; 23:577–591. DOI: 10.1017/S095457941100006X. [PubMed: 
23786697] 

Martorell GA, Bugental DB. Maternal variations in stress reactivity: Implications for harsh parenting 
practices with very young children. Journal of Family Psychology. 2006; 20(4):641–647. DOI: 
10.1037/0893-3200.20.4.641. [PubMed: 17176199] 

McAssey MP, Helm J, Hsieh F, Sbarra DA, Ferrer E. Methodological advances for detecting 
physiological synchrony during dyadic interactions. Methodology. 2013; 9(2):41–53. DOI: 
10.1027/1614-2241/a000053. 

Moore GA, Calkins SD. Infants’ vagal regulation in the Still Face paradigm is related to dyadic 
coordination of mother-infant interaction. Developmental Psychology. 2004; 40(6):1068–1080. 
DOI: 10.1037/0012-1649.40.6.1068. [PubMed: 15535757] 

Moore GA, Hill-Soderlund AL, Propper CB, Calkins SD, Mills-Koonce W, Cox MJ. Mother-infant 
vagal regulation in the face-to-face still-face paradigm is moderated by maternal sensitivity. Child 
Development. 2009; 80(1):209–223. DOI: 10.1111/j.1467-8624.2008.01255.x. [PubMed: 
19236402] 

Moore GA, Powers CJ, Bass AJ, Cohn JF, Propper CB, Allen NB, Lewinsohn PM. Dyadic interaction: 
Greater than the sum of its parts? Infancy. 2013; 18(4):490–515. DOI: 10.1111/j.
1532-7078.2012.00136.x. 

Muthén, LK.; Muthén, BO. Mplus user’s guide. Seventh. Muthén & Muthén; Los Angeles, CA: 
1998-2012. 

Olson SL, Sameroff AJ, Kerr DCR, Lopez NL, Wellman HM. Developmental foundations of 
externalizing problems in young children: The role of effortful control. Development and 
Psychopathology. 2005; 17:25–45. DOI: 10.1017/S0954579405050029. [PubMed: 15971758] 

Lunkenheimer et al. Page 12

Dev Psychobiol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Oppenheimer JE, Measelle JR, Laurent H, Ablow JC. Mothers’ vagal regulation during the still-face 
paradigm: Normative reactivity and impact of depression symptoms. Infant Behavior & 
Development. 2013; 36(2):255–267. DOI: 10.1016/j.infbeh.2013.01.003. [PubMed: 23454427] 

Porges SW. The polyvagal perspective. Biological Psychology. 2007; 74(2):116–143. DOI: 10.1016/
j.biopsycho.2006.06.009. [PubMed: 17049418] 

Porges SW, Doussard-Roosevelt JA, Maiti AK. Vagal tone and the physiological regulation of 
emotion. Monographs of the Society for Research in Child Development. 1994; 59(2-3):167–186. 
250–283. DOI: 10.2307/1166144. [PubMed: 7984159] 

Saxbe D, Repetti RL. For better or worse? Coregulation of couples’ cortisol levels and mood states. 
Journal of Personality & Social Psychology. 2010; 98(1):92–103. DOI: 10.1037/a0016959. 
[PubMed: 20053034] 

Sethre-Hofstad L, Stansbury K, Rice MA. Attunement of maternal and child adrenocortical response to 
child challenge. Psychoneuroendocrinology. 2002; 27(6):731–747. DOI: 10.1016/S0306-4530(01) 
00077-4. [PubMed: 12084665] 

Van Bakel HJA, Riksen-Walraven JM. Adrenocortical and behavioral attunement in parents with 1-
year-old infants. Developmental Psychobiology. 2008; 50(2):196–201. DOI: 10.1002/dev.20281. 
[PubMed: 18286586] 

Lunkenheimer et al. Page 13

Dev Psychobiol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. 
Note: “Avg Child Ext” denotes child externalizing problems equal to the sample mean 

(8.98) and “> Avg Child Ext” denotes child externalizing problems one standard deviation 

above the sample mean (15.21). The observed sample means of mothers’ and children’s 

RSA values at each 30-s epoch were used to estimate coregulation effects, and the means for 

the first three 30-s epochs were used as the initial conditions for the effects of intraindividual 

variability.
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Table 1

Tests of Random Variance Components

Wald Statistics df p-value

Child

 Multivariate test 13.06 5 .023

 Univariate tests*:

  Overall Mean RSA 3.42 1 .064

  IIV (30-s lag) 1.57 1 .210

  IIV (60-s lag) 3.50 1 .062

  IIV (90-s lag) .62 1 .433

  Coregulation (concurrent) 1.16 1 .282

Parent

 Multivariate test 21.05 5 <.001

 Univariate tests*:

  Overall Mean RSA 14.42 1 <.001

  IIV (30-s lag) .06 1 .813

  IIV (60-s lag) 1.65 1 .199

  IIV (90-s lag) .92 1 .340

  Coregulation (concurrent) 3.23 1 .072

Note: IIV=Intraindividual variability, s=second.

*
Univariate tests were performed by comparing an alternate model with all five random effects to a null model where the effect specified above 

was constrained to zero.
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Table 3

Coupled Multilevel Autoregressive Models Predicting Current RSA for Parents

Parent RSA Model Estimate SE

Fixed Effects:

 Parent Overall Mean RSA
6.128

*** .001

 Parent IIV (30-s lag)
.095

*** .028

 Parent IIV (60-s lag)
.140

*** .032

 Parent IIV (90-s lag)
.073

* .032

 Child Concurrent Coregulation
.159

*** .028

 Externalizing × Parent Mean RSA
.032

** .010

 Externalizing × IIV (30-s lag) .006 .004

 Externalizing × IIV (60-slag)
−.008

† .004

 Externalizing × IIV (90-s lag) .001 .005

 Externalizing × Child Coregulation
−.007

* .003

Random Variance Components:

 Level 1 Residual
.582

*** .030

 Parent Mean RSA
.207

*** .046

†
p < .10,

*
p < .05,

**
p< .01,

***
p< .001.
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Table 4

Coupled Multilevel Autoregressive Models Predicting Current RSA for Children

Child RSA Model Estimate SE

Fixed Effects:

 Child Overall Mean RSA 5.317*** .067

 Child IIV (30-s lag) .205*** .040

 Child IIV (60-s lag) .219*** .048

 Child IIV (90-s lag) .094** .035

 Parent Concurrent Coregulation .184*** .036

 Externalizing × Child Mean RSA −.021* .010

 Externalizing × IIV (30-s lag) .002 .004

 Externalizing × IIV (60-s lag) .003 .006

 Externalizing × IIV (90-s lag) .000 .004

 Externalizing × Parent Coregulation −.011* .005

Random Variance Components:

 Level 1 Residual .799*** .062

 Child Mean RSA .159* .077
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