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Abstract

The current study replicated and extended the Feldman (2009) study by applying the 

developmental hierarchical-integrative model to understand the emergence of self-regulation. 

Participants included 360 children (48.6% boys; 62.8% identified as Caucasian and 36.9% 

African American) and their families, predominantly from a low-income, rural background. 

Families completed assessments on child physiological, attention, emotion, and self-regulation 

when children were 6-, 15-, 24-, and 36-month-old, when caregiver sensitivity was observationally 

assessed. A path model revealed that child attention regulation at 6 months predicted physiological 

regulation at 15 months, and child attention regulation at 15 months predicted emotion regulation 

at 24 months. Attention regulation at 24 months predicted better self-regulation at 36 months. 

Notably, caregiver sensitivity moderated several developmental pathways. Findings support a 

continuous model of early self-regulation development and the ongoing individual-environment 

interplay in early childhood.
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Self-regulation plays a critical role in the development of children’s well-being and 

success (Eisenberg et al., 2010; Raver et al., 2011). Self-regulation in the first few 

years of life has been linked with higher levels of social and academic competence, 

and lower levels of behavior problems and peer victimization (Calkins, 2007; Eisenberg 

et al., 2010). Self-regulation is conceptualized as the capacity to deliberately manage or 

modulate one’s attention, emotion, thoughts, and actions to promote adaptative functioning 

and goal achievement (Calkins, 2007; Feng et al., 2017). The conceptualization is still 
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awaiting improvement in clarity and comprehensiveness given that it involves multiple 

regulatory processes and functions (Feldman, 2009; Feng et al., 2017), and a call for an 

integrated model of self-regulation has been made (Zhou et al., 2012). The current study 

utilized a developmental hierarchical-integrative model (Feldman, 2009) to understand the 

emergence of self-regulation from infancy to preschool age, and extended such a model by 

incorporating early familial influences (i.e., caregiver sensitivity).

A Developmental Hierarchical-Integrative Perspective

Embracing a dynamic systems perspective (Lewis, 2005; Thelen & Smith, 1994), 

Feldman (2009) proposed a developmental hierarchical-integrative model to advance 

the understanding of self-regulation development across the first few years of life. Self-

regulation is a multi-dimensional construct that includes physiological, emotional, and 

attentional processes. Amongst these processes, lower-level regulatory functions develop 

earlier and support the maturation of higher-order functions in a hierarchical manner. The 

multiple aspects of self-regulation also come with distinctive but connected goals to form 

an integrative organization, leading to the emergence of stable individual differences in self-

regulation (Feldman, 2009). According to this model, different systems mature sequentially 

over the first few years of the children’s lives, as described below.

Physiological Regulation in the Neonatal Phase.

Infants develop necessary regulatory skills to maintain physiological homeostasis during the 

neonatal periods, to cope with physical and environmental stress. Recent conceptualizations 

on the autonomic nervous system (ANS) considers it as a quick-acting system that initiates 

a series of biobehavioral changes to facilitate an individual’s adaptation and coping of 

environmental stressors when facing challenges and threats (Lupien et al., 2006; Obradović, 

2012; Porges, 2009). Two main divisions of ANS, the sympathetic nervous system (SNS) 

and parasympathetic nervous system (PNS) work collectively. PNS regulates the signals 

from SNS to control autonomic homeostasis and restore a state of calm (Porges, 2009).

One of the most typically measured indicators of PNS functioning (the activation of the 

vagus nerve) is respiratory sinus arrhythmia (RSA), a component of high-frequency heart 

rate variability associated with the breathing cycle (Berntson et al., 1993). In general, a 

higher resting RSA, the RSA measured at a resting state, indicates a greater capacity for 

self-regulation and social engagement (e.g., Gueron-Sela et al., 2017; Hastings & De, 2008). 

Another commonly used indicator of physiological regulation is heart rate, which tends to 

be reversely associated with RSA and indicates the functioning of both the SNS and the 

PNS (Davis et al., 2020; Vögele et al., 2010). A stable high heart rate is generally associated 

with difficulties in regulating emotion (e.g., Clauss & Blackford, 2012; Vögele et al., 2010). 

Together, RSA and heart rate constitute important indicators of autonomic physiological 

regulation, and are theorized as a biological susceptibility factor that can interact with 

environmental influences to predict self-regulation outcomes (e.g., Gueron-Sela et al., 2017; 

Hastings & De, 2008; Perry et al., 2018; Sturge-Apple et al., 2016).
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Emotion Regulation in the First Year.

Emerging in the first year of life, emotion regulation refers to a set of internal and 

external goal-directed processes related to monitoring, evaluation, and modification of one’s 

affective, behavioral, and physiological responses under emotion-arousing circumstances 

(Eisenberg et al., 2010). Emotion regulation has significant implications for multiple facets 

of child socioemotional adjustment (Compas et al., 2017; Eisenberg et al., 2010). The 

early form of emotion regulation emerges as the active management of emotional input 

using regulatory strategies. For example, infants with better self-regulation skills engage in 

self-soothing behaviors (e.g., sucking thumbs and rubbing against clothes) to seek physical 

comfort (Crockenberg & Leerkes, 2004; Ekas et al., 2013). Infants may also orient to 
caregivers, or look at, vocalize, and posture towards their caregivers to express distress, to 

solicit support and to calm infants’ distress (Ekas et al., 2013; Wu & Feng, 2020). Avoidance 
is commonly expressed as looking away or pushing back against the aversive stimuli to 

restrict negative experiences (Crockenberg & Leerkes, 2004); however, these strategies limit 

the opportunity to practice more effective regulation, thus increasing infant distress. Lastly, 

expressed negative emotion, such as crying or fussing, can manifest an infant’s inability to 

regulate his or her emotion (Crockenberg & Leerkes, 2004; Perry et al., 2016).

Attention Regulation in the Second Year.

In the second year, the maturation of attention regulatory functions follows the development 

of emotion regulation. The development of attention regulation manifests in several ways 

during early childhood. In the first few months of life, infants learn to engage their 

attention in an increasingly efficient manner to improve the speed of information-processing 

(Colombo et al., 2010). Infants’ brains develop in a way that allows typically developing 

4-month-olds to control eye movements to shift their gaze and voluntarily select the 

preferred visual stimuli exposures (Colombo et al., 2010). At this stage, the attraction to 

novel stimuli is strong. Starting from around 12 months, infants become more purposefully 

engaged in sustained attention and ignore irrelevant information (Ruff & Capozzoli, 2003). 

Two-year-old children gradually learn to keep their focus on the task and their goals, such 

that goal-oriented tasks can be executed. Attention development during infancy has been 

linked to emerging executive functioning in early childhood (Cuevas & Bell, 2014).

Self-regulation in Preschool Age.

During the preschool years, with the development of a sense of self, children are able 

to internalize the conduct expectations imposed by their environments and perform more 

complicated tasks. More advanced levels of self-regulation emerge at this age and embody 

typically in three sets of competencies: executive functions, behavioral adaptation, and 

compliance (Feldman, 2009). Executive functions are the cognitive abilities to manage and 

organize information to achieve goal-oriented activities (Anderson, 2002). These abilities 

include working memory, inhibitory control, and attention shifting (Garon et al., 2008; 

Willoughby et al, 2010). Working memory refers to the ability to retain the information in 

mind for a delayed period of time, and sometimes also involves manipulation and updates 

of the information being maintained. Inhibitory control involves the ability to follow an 

arbitrary rule to suppress a spontaneous response. Attention shifting reflects the mental 
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flexibility that requires alternation of attentional, cognitive, or response processes (Garon et 

al., 2008; Willoughby et al., 2010). The development of executive functions is associated 

with the prefrontal cortex and is central to self-regulation development, with implications to 

future academic, emotional, and social competence (Garon et al., 2008; Zhou et al., 2012).

Behavioral adaptations, indexed by externalizing and internalizing behavioral problems, 

consists of children’s emotional and behavioral well-being and adaptation to society 

(Eisenberg et al., 2010). The development of behavioral problems in preschool age is 

commonly associated with difficulties in physiological regulation (e.g., low resting RSA; 

Calkins & Keane, 2004), emotion regulation (e.g., high negative emotion and avoidance; 

Carlson & Wang, 2007; Eisenberg et al., 2010), and attention regulation (e.g., Carlson & 

Wang, 2007). Finally, compliance is an indication of moral internalization in response to 

the requests of socialization agents (Kochanska et al., 2000). Between the age of 2 and 

3, children follow caregivers’ rules under monitoring, and they proceed to fully endorse 

caregivers’ requests willingly and form an internalized moral sense in preschool age (Feng 

et al., 2017; Kochanska et al., 2000). Compliance with caregivers’ instructions is thus 

considered as a prototype of self-regulation because it requires behavioral modulation 

according to direct demands. The emergence of compliance in preschool age is an interplay 

of temperamental inhibitory control and parental regulation (Kochanska et al., 2009).

Contributions and Limitations of Feldman’s (2009) Study.

Feldman’s pioneering study contributed significantly to the literature and promoted the 

understanding of the developmental processes of self-regulation abilities. Feldman identified 

key mediating pathways from physiological regulation before age 1, through emotion 

regulation before age 1 and attention regulation between ages of 1-2, to self-regulation at age 

5, among a sample of premature infants. This study was amongst the first to pose questions 

on how several regulatory processes integrated during early development to form a unified, 

higher-level functioning of regulation. It also pointed to key developmental milestones on 

how physiological, emotional, and attentional processes advance with lower-level functions 

supporting higher-order mechanisms, with significant implications to understand early brain 

maturity and neurobiological functions. Yet, three potential limitations restricted a broader 

application of this theory. First, Feldman’s (2009) study exclusively focused on premature 

infants, which restricted the generalizability. Evidence from a broader population needs to be 

gathered to allow for a more general evaluation of the Feldman’s (2009) model.

Second, the developmental hierarchical-integrative model appears to favor a model of 

hierarchical or stagewise development, as it considers that the physiological, emotional, 

attentional, and self-regulatory functions mature sequentially, with later-developed functions 

build upon those lower-order functions matured at earlier phases (Feldman, 2009). Given 

the ongoing conversation over continuous versus stagewise development models in multiple 

aspects of child development (Collins & Hartup, 2013), intriguing questions have been 

imposed on the commonalities and sequential versus parallel developmental processes 

of multiple self-regulatory functions (e.g., Feng et al., 2017; Zhou et al., 2012). The 

empirical model tested in the Feldman’s (2009) study, however, did not provide sufficient 

evidence on the continuity of each aspect of the functions across a broader time frame. 
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Therefore, it is possible that each of the skills arises independently and coincides across 

development. To elucidate the debate over a continuous versus a hierarchical or stagewise 

model of self-regulation development, an empirical approach considering both the stability 

and the interconnected nature of several developmental processes (such as an autoregressive 

cross-lagged model) would be better suited to examine the temporal precedence and the 

interconnections among physiological, emotional, attentional, and self-regulatory skills.

These considerations call for replications of the original study. Until now, only one 

published study made a remote attempt to test the model proposed by Feldman (2009), 

showing that attention regulation and executive functions were essential building blocks 

of later self-regulation (Stępień-Nycz et al., 2015). There has been a call for replication 

studies in psychology to test the robustness and generalizability of the theories (Shrout & 

Rodgers, 2018). This is especially important in developmental research given a scarcity of 

such studies due to the time- and labor-consuming nature of conducting them (Duncan et al., 

2014; Shrout & Rodgers, 2018).

Lastly, the original model focused solely on children’s own developmental processes of 

self-regulation. In contrast, it is commonly recognized that an interplay between personal 

characteristics and contextual influences shapes the early development of self-regulation 

(Kochanska et al., 2009; Davis et al., 2020). Among all environmental impacts, families 

serve as the most immediate and important context for young children to develop self-

regulation skills (Kochanska et al., 2009; Davis et al., 2020). The contributions of parenting 

factors (e.g., caregiver sensitivity) are of particular scholarly interests and are a goal of the 

current study.

Caregiver Sensitivity in Early Development of Self-Regulation in the 

Context of Poverty

Parenting sensitivity has been described as a caregiver’s capacity to attend effectively 

to, understand correctly, and respond promptly to the child’s emotional cues and signals 

(Ainsworth et al., 1978). Through being positively engaged in, attentively responding to, 

and purposefully co-regulating young children’s emotional arousals, sensitive parenting 

contributes to a host of self-regulation processes and outcomes in early childhood, including 

better physiological regulation (Perry et al., 2016), enhanced emotion regulation and fewer 

behavioral problems (Leerkes et al., 2009), and better self-regulation (Gueron-Sela et al., 

2017).

Additionally, emergent evidence points to the development of key aspects in self-regulation 

as moderated by caregiver sensitivity. In general, caregiver sensitivity buffers the risks of 

under-development in regulatory processes at earlier phases and aids in the integration 

process to achieve future self-regulation. In contrast, lower levels of parenting sensitivity 

may increase the risk of maladjustment, particularly when the initial regulatory skills 

are low (Wu & Feng, 2020). For example, sensitive parenting enhanced the association 

between effective physiological regulation and infant use of orienting to caregivers, whereas 

insensitive parenting weakened such an association (Wu & Feng, 2020). Sensitive parenting 

also strengthened the association between infants’ heart rate and preschoolers’ internalizing 
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behaviors, whereas insensitive parenting reduced this link (Wagner et al., 2016). As to 

emotion and attention regulation, sensitive parenting improved emotion regulation for 

temperamentally reactive infants (Leerkes et al., 2009), and increased the association 

between attention regulation and effective emotion regulation (Frick et al., 2017; Root 

et al., 2015). In contrast, for infants who experienced low parenting sensitivity, higher 

levels of negative reactivity were associated with more avoidant behaviors and less 

attention regulation (Thomas et al., 2017). Infants with difficulty regulating fear displayed 

internalizing behaviors in toddlerhood only under low caregiver sensitivity, whereas high 

caregiver sensitivity buffered this link (Early et al., 2009; Penela et al., 2012). Finally, 

sensitive parenting enhanced the associations between low RSA and higher-level self-

regulation among preschoolers (better executive functions and fewer behavioral problems; 

Gueron-Sela et al., 2017; Hastings & De, 2008). It appears that caregiver sensitivity plays a 

key role in the integration process from lower-level to higher-order regulatory functions.

In addition to caregiver influences, the development of self-regulation is shaped by broader 

socio-economic contexts. Currently, most of the work in self-regulation development has 

been derived from individuals of more privileged backgrounds (Sturge-Apple et al., 2016). 

Nevertheless, children in impoverished environments could experience greater difficulties 

of self-regulation compared to their counterparts in wealthier families (e.g., Evans & Kim, 

2013; Lengua et al., 2014; Raver et al., 2011). Maternal sensitivity also tended to be lower in 

families of economic adversity (Finegood et al., 2016). It is thus of vital importance to study 

the processes of self-regulation development for children in disadvantageous backgrounds 

to understand what may contribute to the disparities in self-regulation capacities in such a 

context.

The Current Study

The current study adopted the developmental hierarchical-integrative perspective (Feldman, 

2009) and focused on the developmental processes of self-regulation during the first three 

years of life. We tested the prospective links among physiological regulation, attention 

regulation, emotion regulation, and higher-order self-regulatory functions with a cross-

lagged design to examine the hierarchical order of these developmental processes. Moreover, 

we expanded the developmental hierarchical-integrative perspective and incorporated the 

family contexts into consideration. In particular, we examined caregiver sensitivity as 

the context for self-regulation development and tested how the developmental processes 

may differ for children with high versus low caregiver sensitivity. Given the paucity of 

research focusing on the development of self-regulation in an economically disadvantaged 

context, we utilized a sample predominantly consisted of low-income, rural families and 

prospectively assessed these children through several critical developmental periods: 6 

months, 15 months, 24 months, and 36 months. A comparison of the measurements used 

and the assessment time points in Feldman’s (2009) and the current study is included in 

Appendix I.

We tested two hypotheses. Our first hypothesis was confirmatory. As proposed in 

the developmental hierarchical-integrative perspective (Feldman, 2009), we expected to 

replicate a developmental pathway from physiological regulation in the neonatal period 
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(6 months), through emotion regulation in the first year (the corresponding time points 

would be 15 months in the current study) and attention regulation in the second year (24 

months), to self-regulation (executive functions, behavioral problems, and compliance) in 

preschool age (36 months). Second, we expanded the developmental hierarchical-integrative 

perspective with an exploratory effort to incorporate early caregivers’ influences. We 

expected differences in developmental pathways of self-regulation between children under 

high versus low caregiver sensitivity. In particular, high caregiver sensitivity would enhance 

the connection from lower-level to higher-order regulatory functions, whereas low caregiver 

sensitivity would interfere with such connections. Please refer to Figure 1a as our conceptual 

model.

Method

Participants

Data of the current study were drawn from the Family Life Project (FLP; Vernon-Feagans 

& Cox, 2013). The FLP was designed to study the development of young children and 

their families using a representative sample of every infant born to a family who resided 

in two of the four major geographical areas of the United States with high poverty rates 

(Wilson, Wayne, and Sampson Counties in North Carolina; as well as Blair, Cambria, 

and Huntingdon Counties in Pennsylvania). The FLP included a sample of 1,292 children. 

Families were recruited from local hospitals and a stratified sampling method was used 

to oversample low-income and African American families. Data collection spanned from 

September, 2003 to September, 2007.

A planned missingness design was adopted by FLP key investigators in which 400 children 

within the total FLP sample were randomly selected for longitudinal electrocardiogram 

(ECG) data collection (Berry et al., 2018). As collecting ECG data can be time-intensive 

and require high levels of children’s cooperation, there was a relatively high missing rate of 

useable data for the physiological regulation assessment (51.0% at 6 months or T1, 48.0% 

at 15 months or T2, and 41.8% at 24 months or T3, of the 400 children). To reduce the 

potential for biased estimation due to missingness, we elected to include the sample that 

provided data on physiological regulation during any one of the study visits at T1, T2, or 

T3, resulting in a sample of 360 families. The current sample did not differ from the original 

sample regarding child gender, family income level, residential state (North Carolina or 

Pennsylvania), maternal age, education, employment status, and marital status. There was a 

lower percentage of African American families in the current sample (36.9%), compared to 

those in the original sample (42.5%), χ2(1) = 6.06, p = 0.01. The retention rate of the current 

sample was high (97.5% at T2, 97.2% at T3, and 91.9% at T4 or 36 months).

The current sample included 175 boys (48.6%) and 185 girls (51.4%). There were 157 

families residing in Pennsylvania and 203 families in North Carolina. Over a third of the 

sample identified as African American (36.9%), 62.8% identified as Caucasian, and 0.3% 

identified as other races. At study enrollment, about forty percent of the mothers (39.7%) 

reported being employed; over half of the mothers were married (57.5%), 38.3% single, 

and 4.2% divorced, separated, or widowed. As to the highest level of education, 23.1% of 

the mothers and 17.9% of the fathers did not complete high school, 4.4% of the mothers 
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and 7.3% of the fathers received a GED, 33.9% of the mothers and 42.7% of the fathers 

graduated from high school, 25.9% of the mothers and 18.9% of the fathers had some 

college or an Associate’s degree, 8.6% of the mothers and 8.3% of the fathers received a 

college degree, and 4.2% of the mothers and 5.0% of the fathers had post-undergraduate 

training.

Procedures

At each time point, trained research assistants (RAs) visited families at their homes 

twice for data collection, to accommodate the number of assessments and the activity 

level of the children. At T1, mothers responded to questionnaires concerning demographic 

characteristics.

Physiological Data.—At the start of visits at T1, T2, and T3, the RA placed three 

pediatric electrodes on the child’s chest in a seated position on the mother’s lap. The 

electrodes were connected to a preamplifier, from which the output was transmitted to a 

heart inter-beat interval (IBI) monitor for R-wave detection. Once the child was accustomed 

to the monitor, the RA pressed the start button and marked the start of the baseline measure 

of the IBI activity. After 5 minutes, the RA marked the end of the episode and stopped 

collecting ECG data. During the assessment, the mother was asked not to interact with the 

child to ensure her child to be in a neutral and calm state.

Emotion Regulation.—Several tasks were administered to assess children’s emotion 

regulation at T1, T2, and T3, which were videotaped and later coded for children’s negative 

emotion and emotion regulation. At T1, three tasks were administrated. In the Arm Restraint 
Task (Stifter & Fox, 1990), an RA stood behind the infant and gently grasped the infant’s 

arms for 2 minutes before releasing them. The RA stayed hiding behind the infant for 1 

minute during which the infant employed regulation behaviors prior to maternal comfort. In 

the Barrier Task (Goldsmith & Rothbart, 1996), an RA gave the child an attractive toy to 

play with for 30 seconds, then the RA gently took the toy away and put it behind a Plexiglas 

barrier in front of the infant for 30 seconds. The procedure was carried out three times. In 

the Mask Task (Goldsmith & Rothbart, 1996), the RA sat to the side of the child and put 

on four scary masks consecutively, each for 10 seconds. Each time, the RA said the child’s 

name while moving her head slowly from side to side and then leaned toward the child. At 

T2 and T3, two tasks were administrated to children: the Mask Task and the Toy Removal 
Task (Goldsmith & Rothbart, 1996). In the latter, children and their mothers played together 

with an attractive toy for 2 minutes. The toy was then removed from the child for another 2 

minutes; at T2, the RA put the toy out of the child’s reach, whereas at T3 the RA put the toy 

in a clear plastic jar. The RA then gave the toy back to the child to play for another minute. 

In this task, the child’s emotion regulation when the toy was taken away was used in the 

current study.

Executive Functions.—At T4, children were administered five tasks to measure 

executive functions. In the Working Memory Span task (Engle et al., 1999), children were 

presented with a line drawing of an animal and a colored dot, inside a house. The RA asked 

the child to name the animal and then the color. The RA then turned the page to show 
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only the house from the previous page, and asked the child what animal was in the house. 

The Something’s the Same task (Jacques & Zelazo, 2001) measured attention shifting. The 

RA presented the child with a page having two items similar in shape, size, or color, and 

discussed with the child about the dimension that the items were similar. The RA then 

flipped a page having the same two items along with a new third item, which was similar to 

one of the first two items along a different dimension. The RA asked the child which of the 

two original items was similar to the third item.

Three additional tasks assessed children’s inhibitory control. In the Animal Go/No Go task 

(Durston et al., 2012), children were instructed to press a button every time when seeing an 

animal (“go” trial) but not when it was a pig (“no-go” trial). The RA presented each page 

depicting 1 of 7 possible animals for two seconds. The task had varying numbers of “go” 

trials prior to each “no-go” trial. In the Spatial Conflict task (Gerardi-Caulton, 2000), two 

side-by-side buttons and an arrow was shown to the child at each trial. The child needed to 

touch the button of the direction that the arrow pointed to. In the first 8 trials, arrows were 

in the center, familiarizing the child with the task. For trials of 9-22, left-pointing arrows 

appeared on the left side and right-pointing arrows appeared on the right side, building a 

prepotency to touch the button based on the location of the stimuli. For trials of 23-35, left 

and right-pointing arrows begin to appear randomly and most contralaterally (left-pointing 

arrows on the right and right-pointing arrows on the left), requiring inhibitory control to 

suppress the former established prepotent response about spatial location. Finally, in the 

Silly Sounds Stroop task (Gerstadt et al., 1994), children were asked to bark when shown a 

picture of a cat, and to meow when shown a dog. More details about the executive function 

tasks can be found in Willoughby et al. (2010, 2012).

Caregiver Sensitivity and Child Compliance.—A series of parent-child interaction 

tasks were used to observationally assess caregiver sensitivity and child compliance. At 

T1, children engaged in two free-play interaction tasks for 10 minutes with both parents, 

separately. At T2, children only played with their mothers. To increase novelty, at T3 

and T4, children completed three puzzles with increasing difficulty with both parents, 

respectively. These tasks were video-recorded and later coded for caregiver sensitivity (at 

T1, T2 and T3) and child compliance (at T4).

Measures

Child physiological regulation was assessed by both resting RSA and heart rate in the ECG 

data. Resting RSA at T1, T2, and T3 was calculated using Mindware Technologies software 

(Westerville, OH) by measuring the heart-rate variability (HRV) within a respiratory cycle. 

The algorithm utilizes a moving polynomial to detrend periodicities in heart period that 

are slower than RSA. Then a band-pass filter extracts the HRV within the frequency band 

of spontaneous respiration in children, .24 to 1.04 Hz, commonly used to index vagal 

functioning in infants and young children (Calkins & Keane, 2004; Stifter & Corey, 2001). 

The software then derives an RSA estimate by calculating the natural log of specified HRV 

and is reported in units of ln(ms)2. Trained RA cleaned the ECG heart period records for 

movement artifact, indexing the R spike if identifiable on the record. As resting RSA and 

heart rate were highly correlated (r’s = −.53, −.60, and −.73, p’s < .001 for T1, T2, and 
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T3, respectively), these two scores were standardized and summed into a composite score 

of child physiological regulation (with heart rate reversed, a higher score indicating a higher 

resting RSA and a lower heart rate).

Child attention regulation was assessed using an adapted version of the Infant Behavior 

Record (IBR; Bayley, 1969; Stifter & Corey, 2001). During each half of study visits at 

T1, T2, and T3, two RAs independently rated the child’s behaviors for the entire visit, 

for a total of four ratings. The current study used the attention subscale of the IBR, with 

three items rated on nine-level scales: tendency to persist (1 = fleeting attention span, 9 

= long-continued absorption), behavior constancy (1 = easily tires and regresses to lower 
levels of functioning, 9 = continues to respond well during long and difficult tasks), and 

responsiveness to objects (1 = no interest in objects, 9 = reluctantly relinquishes objects). 

Cronbach’s α was .88, .87, and .92 for T1, T2, and T3, respectively.

Child emotion regulation was assessed by the emotion-eliciting tasks described in the above 

section at T1, T2, and T3. Using a coding scheme in previous research (Stifter & Braungart, 

1995), four types of affective and behavioral indicators of emotion regulation were coded: 

self-soothing (engaging in small, repetitive movements to reduce distress); orienting towards 
caregiver (looking or gesturing at the caregiver); avoidance (turning away, pushing the toy 

away, or averting eye contact); and negative emotion (being whiny, frowning brow, yelling, 

and tears). The score of each emotion regulation behavior represented the percentage of 

time when each type of behavior was present. Scores across different tasks (within the 

same time point) were standardized and summed for each emotion regulation behavior. A 

final score for emotion regulation was generated by summing up the four behaviors based 

on whether these behaviors were adaptive: self-soothing, orienting towards the caregiver, 

avoidance (reversed), and negative emotion (reversed). Approximately 15% of the task was 

double-coded, with high inter-rater reliability; kappa values ranged between .82 and .95 

across tasks and time points.

Child self-regulation included executive functions, behavioral problems, and compliance. 

Executive functions were assessed using the five executive function tasks at T4, i.e., the 

Working Memory Span task (4 items), the Something’s the Same task (14 items), the 

Animal Go/No Go task (7 no-go items), the Spatial Conflict task (12 contralateral items), 

and the Silly Sounds Stroop task (17 items). Prior literature has validated these measures 

and an exploratory factor analysis yielded that all executive function measures loaded on 

one executive function factor (Willoughby et al., 2010). Further, using children’s response 

accuracy of each item, expected a posteriori (EAP) scores for each executive function task 

were generated by applying item response theory models. An EAP estimate indicates the 

expected value of the posterior probability distribution of latent trait scores for an individual, 

used for dichotomous or polytomous data. More details about the generation of the EAP 

scores, along with the psychometric properties and longitudinal measurement invariance of 

the assessments of executive function, can be found in prior validation studies by the FLP 

key investigator team (e.g., Willoughby et al., 2010, 2012). In the current study, a principal 

component analysis revealed one executive function factor explaining 32.85% of the total 

variances, with factor loadings of each task varying between .47 to .71. As such, a mean 
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score of the EAP scores of each task was calculated to indicate the child’s overall level of 

executive functions.

Child behavioral problems were assessed from maternal reports on the Strengths and 

Difficulties Questionnaire (SDQ; Goodman, 1997) at T4. The SDQ is a widely used tool to 

assess children’s behavioral problems, including both externalizing (conduct problems and 

hyperactivity) as well as internalizing (emotional symptoms and peer problems) subscales. 

These four subscales each includes 5 items, rated on a 3-point Likert scale (0 = not true, 

2 = certainly true). Sample items include the target child “often loses temper” and is 

“often unhappy, depressed, or tearful.” The SDQ has good psychometric properties and is 

comparable to other assessments measuring child internalizing and externalizing behaviors 

such as the Child Behavior Checklist (Goodman, 1997; Goodman et al., 2010). A mean 

score was generated over 20 items to indicate children’s overall level of behavioral problems 

(Cronbach’s α = .81).

Child compliance was observed during the parent-child puzzle-solving tasks at T4. Coders 

rated the child’s acceptance of, adherence to, and willingness to cooperate with the parent’s 

instructions during the task on a 1-5 scale (1 = “not at all characteristic”, and 5 = “highly 
characteristic”). An average score was created across two tasks with both parents to indicate 

the child’s overall level of compliance with both parents. Over half of the videos were 

double-coded, with an intraclass correlation coefficient of .91.

Caregiver sensitivity was assessed by the parent-child interaction tasks at T1, T2, and 

T3, separately for mothers and fathers. Following a coding scheme (Cox et al., 1999; 

NICHD ECCRN, 1999), seven parenting behaviors were coded: sensitivity (responsiveness 

to the child’s social behaviors and negative emotion), intrusiveness (caregiver-centered 

interaction), detachment (emotional disinvolvement); positive regard (positive emotion 

and acknowledgement), negative regard (negative emotion); animation (excitement), and 

stimulation of development (scaffolding of activities). Coders rated caregiving behaviors 

globally during the entire task on a 1-5 scale (1 = “not at all characteristic”, and 5 = “highly 
characteristic”). Interrater reliability was assessed using intraclass correlation coefficients, 

ranging from .74 to .89 for all codes, with more than 30% of the videos double-coded. A 

principal component analysis with oblique rotation was conducted to determine behaviors 

that consisted of parenting sensitivity. One factor emerged explaining a great amount of 

the total variance (for mothers, 50.5% at T1, 53.7% at T2, and 56.1% at T3; for fathers, 

48.19% at T1 and 48.90% at T3). This factor loaded on sensitivity, detachment (reversed), 

stimulation of development, positive regard, and animation. Thus, an average score of these 

five subscales was generated as the caregiver’s overall level of sensitivity. Scores of T1, T2, 

and T3 were standardized within the time point and averaged across time points for mothers 

and fathers separately, and then a mean score between mothers and fathers was calculated to 

indicate the mean level of caregiver sensitivity across three time points.

Covariates included child sex, race, family residential state, and income-to-needs ratio. The 

mother reported child sex and race when the child was 2-month-old. At T1, family annual 

income was divided by the poverty threshold for the corresponding family size to generate 

family income-to-needs ratio.
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Analytic Plan

The descriptive analysis was conducted in SPSS. We estimated one path model with 

autoregressive, cross-lagged paths with the lavaan package (Rosseel, 2012) in R (R Core 

Team, 2014). The percentage of missing data ranged from 2.5% to 45.6% (see Table 1). 

Little’s MCAR test (Little, 1988) indicated that data were not missing completely at random, 

χ2(989) = 1127.36, p = .001. Yet, the pattern for the missingness is likely missing at 

random, as the missingness of variables were associated with other study variables. In 

particular, the missingness of emotion regulation variables was associated with lower scores 

on concurrent attention regulation variables (t(33) = 2.0, p = .06 at T1, t(39)= 3.9, p < .001 

at T2, and t(75) = 4.9, p < .001 at T3). The missingness of physiological regulation at T1 

was associated with lower concurrent emotion regulation (t(295) = 2.9, p = .005), whereas 

the missingness of physiological regulation at T2 and T3 was associated with lower attention 

regulation 9 months ago (t(352) = 2.7, p = .008 for T2 and t(203) = 2.3, p = .02 for T3). 

Missingness of executive functions at T4 was associated with higher emotion regulation at 

T1 (t(119)= 2.1, p = .04) and lower compliance at T4 (t(48)= 3.9, p < .001). Thus, full 

information maximum likelihood algorithm (FIML) with robust errors (MLR) was employed 

for missing data estimation as recommended for missing at random (Enders & Bandalos, 

2001). Further, we included the root mean square error of approximation (RMSEA), the 

comparative fit index (CFI), and standardized root mean squared residual (SRMR) as the 

model fit indexes, with a RMSEA and SRMR of .05 and below and CFI of .95 and above 

indicating good fit and a RMSEA and SRMR of .05-.08 and CFI of .90-.95 indicating 

acceptable fit (Hu & Bentler, 1995).

First, prospective relations among physiological regulation, emotion regulation, and 

attention regulation across the first three waves were tested using an autoregressive cross-

lagged model. Child executive functions, behavioral problems, and compliance at T4 was 

then added to the model by regressing on physiological regulation, emotion regulation, 

and attention regulation at T3. Child sex, race, state, and family income-to-needs ratio 

were included as covariates. This analytic step was a confirmatory effort to replicate 

Feldman’s (2009) findings, on top of which we included the estimation of stability paths 

over time to provide more robust findings. Next, we examined how caregiver sensitivity 

may moderate the associations among physiological regulation, emotion regulation, and 

attention regulation by including interaction terms between caregiver sensitivity and 

regulation variables, on both the autoregressive and cross-lagged paths. Continuous variables 

were mean-centered prior to calculating the interaction terms. In visually displaying and 

explaining significant interactions, low, medium, and high levels of caregiver sensitivity 

were centered at one standard deviation below the mean, at the mean, and one standard 

deviation above the mean, respectively. This step expanded the developmental hierarchical-

integrative model by incorporating early caregivers’ influences. As Feldman (2009) did not 

specify the possible moderating effects of caregiver sensitivity, this analytic step remained 

exploratory.
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Results

Descriptive statistics and bivariate correlations of the study variables are presented in Table 

1. An autoregressive cross-lagged model was estimated with interaction terms between 

caregiver sensitivity and regulation variables, on both the autoregressive and cross-lagged 

paths. After careful examination, non-significant interaction terms were eliminated, and the 

trimmed model did not differ significantly from the untrimmed model in the model fit, 

χ2(31) = 23.90, p = .81. Thus, we retained the model with only significant interaction 

terms as it was more parsimonious. The final autoregressive cross-lagged model showed an 

acceptable model fit, χ2(50) = 69.02, p = .04; RMSEA = .023 (CI.90 = .008, .050); CFI 

= .942; SRMR = 0.037. As shown in Table 2, higher attention regulation at T1 predicted 

greater physiological regulation at T2 (B = 0.11, SE = 0.05, t = 2.79, p = .005). Attention 

regulation at T2 predicted better emotion regulation at T3 (B = 0.11, SE = 0.05, t = 2.22, 

p = .03). Better attention regulation at T3 predicted higher executive function scores (B = 

0.02, SE = 0.01, t = 2.31, p = .02), fewer behavioral problems (B = −0.01, SE = 0.005, t = 

−1.95, p = .05), and greater compliance (B = 0.04, SE = 0.02, t = 2.47, p = .01) at T4. The 

autoregressive paths of physiological regulation, attention regulation, and emotion regulation 

between T1 and T2, and between T2 and T3, remained stable, except for the stability path of 

emotion regulation from T1 to T2. Caregiver sensitivity predicted higher attention regulation 

at T3 (B = 0.45, SE = 0.20, t = 2.08, p = .04) as well as fewer behavioral problems (B = 

−0.08, SE = 0.02, t = −3.71, p < .001) and better compliance at T4 (B = 0.18, SE = 0.08, t = 

2.45, p = .01).

Moderation analyses indicated several significant pathways moderated by caregiver 

sensitivity (Table 2 and Figure 1b). Better emotion regulation at T1 was associated with 

higher emotion regulation at T2 only when caregiver sensitivity was low (one standard 

deviation below the mean; B = 0.31, SE = 0.08, t = 3.99, p < .001) and medium (the mean 

level; B = 0.16, SE = 0.05, t = 3.20, p = .001), but not high (one standard deviation above the 

mean; B = 0.01, SE = 0.06, t = 0.23, p = .82; Figure 2a). On the cross-lagged path, emotion 

regulation at T1 predicted better attention regulation at T2 at very high caregiver sensitivity 

(i.e., two standard deviations above the mean; B = 0.33, SE = 0.15, t = 2.20, p = .03); this 

association was marginally significant under high caregiver sensitivity (B = 0.18, SE = 0.09, 

t = 1.87, p = .06), and not significant under medium (B = 0.02, SE = 0.07, t = 0.32, p = 

.75) or low sensitivity (B = −0.13, SE = 0.10, t = −1.30, p = .20; Figure 2b). Additionally, 

physiological regulation at T1 predicted better emotion regulation at T2 given high caregiver 

sensitivity (B = 0.30, SE = 0.12, t = 2.58, p = .01) but worse emotion regulation at T2 when 

caregiver sensitivity was low (B = −0.31, SE = 0.11, t = −2.76, p = .006; Figure 3a). Finally, 

the positive association between physiological regulation at T3 and executive functions at 

T4 was approaching significance when caregiver sensitivity was high (B = 0.06, SE = 0.03, 

t = 1.86, p = .06), and become significant when caregiver sensitivity was very high (i.e., 

two standard deviations above the mean; B = 0.10. SE = 0.03, t = 3.17, p = .002). This 

association was not significant under low (B = −0.05, SE = 0.03, t = −1.51, p = .13) or 

medium (B = −0.00, SE = 0.02, t = −0.14, p = .89) levels of caregiver sensitivity (Figure 3b).
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Mediation Analyses.

Mediation analyses were performed to explore mediated pathways towards self-regulatory 

outcomes at T4 (see Appendix II). Significant mediation effects were identified from the 

stability pathways of attention regulation to executive functions and compliance at T4. 

Additionally, significant mediation pathways were found in the stability paths of attention 

regulation and physiological regulation from T1 to T3. As such, the mediation effects 

appeared to be more specific to one domain (e.g., within the stability pathways of one 

type of regulation) rather than cross-domain (e.g., through cross-lagged pathways among 

physiological, attention, and emotion regulation). Combined with the findings from the main 

model of parallel rather than sequential effects, the results in mediation models further 

supported a continuous development model. Further, we explored an alternative model of 

caregiver sensitivity as a mediator to self-regulation development (Appendix III). Our data 

did not support the mediation role of caregiver sensitivity.

Discussion

The current study replicated the Feldman (2009) study by applying the developmental 

hierarchical-integrative model to understand the emergence of self-regulation during early 

childhood. Findings provided favorable empirical evidence towards the Feldman (2009) 

model, and extended the model by incorporating caregiver sensitivity as a moderator on 

developmental pathways of several regulatory functions, with significant implications to 

research and intervention.

Replication of Feldman’s (2009) Model of Self-Regulation

Our first hypothesis was to replicate Feldman’s (2009) model that established the 

developmental pathway of physiological regulation before age 1 → emotion regulation 

before age 1 → attention regulation between age 1-2 → self-regulation at age 5. In 

contrast, our study identified three major pathways: attention regulation at 6 months 

predicted physiological regulation at 15 months, attention regulation at 15 months predicted 

emotion regulation at 24 months, and attention regulation at 24 months predicted better 

self-regulation (greater executive functions, compliance, and fewer behavioral problems) in 

preschool age. Our findings are consistent with Feldman’s (2009) study in several ways. 

First, both the current study and Feldman’s (2009) study support the conceptualization 

that the development of self-regulation is an ongoing process during early childhood. 

In our study, physiological, emotion, and attention regulation all demonstrated continued 

growth (especially between 15 to 24 months), and they intersected during different times in 

development, consistent with the dynamic systems perspective (Lewis, 2005).

Second, both the current study and Feldman’s (2009) study support that attention regulation 

is a central mechanism of and directly connects to the emergence of self-regulation. The 

development of attention regulation appeared stable from 6 to 24 months, and continued to 

support different aspects of regulatory skills: physiological regulation, emotion regulation, 

as well as higher-order self-regulation including executive functions, compliance, and fewer 

behavioral problems. It is likely that attention regulation skills enable young children to keep 

focus and to retain a consistent goal while withholding frustration and resisting distraction, 
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and thus grant children mastery of the environment (Cuevas & Bell, 2014; Feldman, 

2009; Ruff & Capozzoli, 2003). In contrast, the early development of physiological and 

emotion regulation was not directly associated with self-regulation. Possibly, the goal of 

physiological regulation and emotion regulation is more focused on reactivity control and 

returning to homeostasis after environmental interruption (Feldman, 2009; Perry et al., 

2018). As such, successful attention regulation can signal the emergence of self-centered, 

higher-order monitoring skills, which are useful for planning, inhibiting impulses, and 

facilitating the acquisition of a hierarchical knowledge about the environment (Cuevas & 

Bell, 2014; Feldman, 2009).

Different from Feldman’s (2009), we found a positive association between attention 

regulation at 6 months and physiological regulation at 15 months, whereas Feldman did 

not find such an association. It seems that an ongoing connection between autonomic 

regulation and attention development appears during infancy, as both involve development 

in prefrontal-limbic circuitry. Infants can rely on selective engagement and sustained focus 

to engage effectively with objects and caregivers, which may provide a calm and positive 

mental state and reduce hypervigilance accompanied by excessive environment scanning 

when facing stress (Davis et al., 2016; Porges, 2009). Being able to engage with caregivers 

also provides infants with opportunities to obtain assistance in times of distress, which 

promotes adaptive development in ANS regulation (Perry et al., 2018). Yet, a dearth 

of research has investigated the interchange between autonomic regulation and attention 

development during infancy. This warrants future research efforts, as attention skills develop 

significantly in infancy, and have meaningful implications to a variety of developmental 

outcomes (Colombo et al., 2010).

Another difference from Feldman’s study (2009) is, in our study, attention regulation around 

age 1 predicted emotion regulation at age 2, but not vice versa. Two possible explanations 

may be underlying this difference in findings. First, Feldman (2009) utilized a sample of 

infants with low birth weights, and their attention regulation may mature later than normally 

developed children. In fact, low-birth-weight infants can have a greater risk of attention 

regulation difficulties and developing attention-deficit hyperactivity disorder (ADHD; Mick 

et al., 2002). Second, our study utilized an empirical model that considered both the stability 

as well as the interconnection among multiple aspects of development, which allowed for a 

better understanding of the sequential development of early regulatory functions. It is likely 

that emotion regulation matures later than attention regulation, and the cascading effect of 

development transfers from attention regulation to emotion regulation (Frick et al., 2017; 

Root et al., 2015). The pathway from attention regulation to emotion regulation did not 

appear in Feldman’s study as only the effect in the opposite direction was hypothesized and 

tested, underscoring the importance of the current study examining both the stability and the 

cross-lagged effects of different regulatory functions.

Caregiver Sensitivity as the Context of Self-Regulation Development

Our second hypothesis was to test if caregiver sensitivity moderated the developmental 

pathways towards self-regulation. We found that, first, the stability of emotion regulation 

from 6 to 15 months was significant only when caregiver sensitivity was at low and medium 
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levels. It is likely sensitive parenting creates opportunities for children to improve their 

regulatory skills, and emotionally reactive infants can be susceptible to such changes, 

thus showing instability (Hastings & De, 2008). This finding is especially important in a 

low-income context where children are more likely to show lower levels of self-regulation 

(Evans & Kim, 2013; Lengua et al., 2014).

We also found that infant emotion regulation at 6 months predicted higher attention 

regulation at 15 months, only among those with highly sensitive caregivers. This finding 

is consistent with previous observations on the moderation effect of caregiver sensitivity 

on the link between attention regulation and effective emotion regulation (Frick et al., 

2017; Root et al., 2015; Thomas et al., 2017). It is likely that sensitive parenting can 

provide young children with assistance in managing their negative emotion, to support 

selective engagement and sustained focus with events or objects of interest (Frick et al., 

2017). Further, as greater attention regulation at 15 months can increase the likelihood of 

better emotion regulation at 24 months, it appears that sensitive caregiving at early stages 

can promote the interchange between attention regulation and emotion regulation systems, 

possibly increasing the likelihood of the higher-order integration of regulatory skills (Frick 

et al., 2017; Thomas et al., 2017).

Third, physiological regulation at 6 months predicted better emotion regulation at 15 

months when caregiver sensitivity was high (consistent with our expectation), but worse 

emotion regulation at 15 months when caregiver sensitivity was low. The latter finding, 

although counter-intuitive, was observed in several other studies. Sturge-Apple et al. (2016) 

observed that higher RSA predicted lower abilities of self-control (i.e., a shorter delay 

time in awaiting gratification) among two-year-olds in an impoverished background, but a 

longer waiting time among those from higher-resourced families. RSA is thus considered 

as a biological susceptibility factor that leads to an adaptation to economic risks. In a 

lower-resourced environment, a higher level of negative emotion and emotion dysregulation 

may function to elicit more caregiver attention, considering low-income parents may 

experience a number of stressors and their sensitivity tends to be low (Finegood et al., 2016). 

Similarly, Perry and colleagues (2018) observed that resting RSA at 5 months predicted 

higher negative emotion at 10 months among typically developed infants. They pointed 

out that greater biological susceptibility to the environment may provide infants with more 

opportunities to interact with the environment and to practice regulatory skills, which may 

manifest as a high level of negative reactivity. Both hypotheses need to be investigated 

in future studies. Notably, on a bivariate level, caregiver sensitivity was associated with 

higher executive functions and compliance levels as well as fewer behavioral problems 

at 36 months, but not directly with physiological, emotion, and attention regulation. 

Our investigation revealed that caregiver sensitivity moderated developmental processes 

within physiological, emotion, and attention regulation, which supported our approach of 

considering caregiver sensitivity as an important contextual influence during self-regulation 

development. These moderation effects were observed only for infants ages 6-15 months, 

but not later, possibly revealing that the biological and emotional susceptibility to caregiver 

sensitivity is more prominent at an early and critical time during development.
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Finally, we found that greater physiological regulation at 24 months predicted a higher 

level of executive functions at 36 months for children with caregivers showing very high 

sensitivity. A similar pattern was previously observed, where RSA and sensitive parenting 

interacted to predict executive functions (Gueron-Sela et al., 2017). Sensitive parenting 

appears to contribute to the development of self-regulation by canalizing biologically 

reactive children towards better regulatory functions, and the automatic regulation system 

performs as a susceptibility factor that assists children to achieve better regulatory outcomes 

in a supportive environment (Gueron-Sela et al., 2017; Hastings & De, 2008).

Theoretical Integration, Strengths, and Limitations

In general, our findings appeared to favor a continuous model over a hierarchical or 

stagewise model of self-regulation development during the first two years, which was 

different from Feldman’s. More particularly, the current study showed mostly continued 

growth of physiological, emotion, and attention regulation between 6 to 24 months, which 

was also evident from previous studies. For example, children’s RSA and heart period also 

show a steady increase over the first four years of life (Bar-Haim et al., 2000). From infancy 

to early childhood, children become increasingly capable in managing negative affective 

arousals and gradually master a range of emotion-regulatory strategies (Wu et al., 2020). 

Young children also gain in attention regulation capacities in transitioning from selective 

gaze in infancy to goal-focused sustained attention during toddlerhood (Colombo et al., 

2010; Ruff & Capozzoli, 2003). It appears that the central mechanism of “regulation” has 

manifested in multiple developing aspects since a very young age and continued to mature in 

a separated but connected manner.

Our findings, however, supported the integrative aspect of Feldman’s theory, by suggesting 

the interchanges among physiological, emotion, and attention regulation are bidirectional 

and cyclical. In fact, emotion regulation at 6 months promoted attention regulation at 15 

months (when caregiver sensitivity was high), which further strengthened emotion regulation 

at 24 months. Also, for children experiencing higher levels of caregiver sensitivity, 

between 6 to 15 months, physiological regulation promoted emotion regulation, which 

facilitated attention regulation, and attention regulation further supported physiological 

regulation. In comparison, Feldman’s model only examined the unidirectional pathway of 

physiological regulation → emotion regulation → attention regulation. It seems that the 

mutual interchanges among physiological, emotional, and attentional systems are constant 

during early childhood (Lewis, 2005), and can constitute a cycle of adaptive development 

given a supportive environment. It also appears that there may not be a particular sequence 

among the maturation of physiological, emotion, and attention regulation. As such, the early 

development of regulatory functions is a dynamic, continuous ongoing process that require 

multiple systems to co-participate, and deficits in one system may affect the functions of 

other systems (Lewis, 2005). Finally, our findings suggest that healthy development of and 

coordination among these systems support the capability to accomplish more complex, 

higher-order regulatory tasks, such as organizing information to achieve goal-oriented 

activities, managing problem behaviors, and internalizing moral rules, in preschool age 

(Feldman, 2009).
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In sum, evidence of the current study supports the central notion of the developmental 

hierarchical-integrative model (Feldman, 2009) that the development of regulatory functions 

is a constant effect across the first several years of a child’s life, and several of regulatory 

functions may integrate to support the emergence of higher-order self-regulatory skills. It 

reopens conversations about a hierarchical or stagewise model versus a continuous model of 

self-regulation development (Collins & Hartup, 2013), and taps into inquiries about ongoing 

bidirectional or cyclical interchanges (rather than unidirectional associations) amongst 

subsystems of regulation, which is described in the dynamic systems perspective (Lewis, 

2005; Thelen & Smith, 1994). The findings also point to the important interplay between 

environmental influences and internal organization, and reveal key pathways for caregiver 

sensitivity to assist in reducing risks in self-regulation development. Importantly, caregiver 

sensitivity appears to facilitate the growths and interchanges of regulatory functions to 

promote the emergence of self-regulation. Finally, this study also sheds light upon how 

self-regulation development in an economically disadvantaged context, with significant 

implications for intervention efforts.

Limitations should be considered when interpreting the findings of the current study. First, 

this study oversampled low-income, rural families, and there may be less variation in the 

income levels of these families, possibly resulting in non-significant correlations between 

income and physiological, emotion, and attention regulation. As such, findings of this 

study should be interpreted with caution and may not be generalizable to higher-resourced 

families. Future replication studies of the developmental hierarchical-integrative model 

(Feldman, 2009) should consider utilizing samples of broader populations. Second, as a 

replication study, some assessments (e.g., compliance) as well as time points may not 

match the original study precisely, which may have caused differences in findings. Third, 

caregiver sensitivity at 24 months was assessed in a similar task with child compliance 

at 36 months, which may have introduced shared measurement variances due to similar 

contexts. Fourth, there was a relatively high missing rate of the physiological regulation 

data (34.2%–45.6% of the current sample), which was associated with emotion and attention 

regulation and might have limited the generalizability of the current study as well as our 

understanding of children with lower regulatory skills. Additionally, in this study, we only 

included caregiver sensitivity as one influencing factor on self-regulation, whereas multiple 

factors in parenting (e.g., co-regulation, scaffolding, cognitive stimulation), parental mental 

health, and familial environment (e.g., marital relationships) may impact the development 

of self-regulation. These factors and their potential influences warrant future research. 

Finally, as the development of self-regulation is a dynamic, interactive process and multiple 

parental and child characteristics mutually affect each other, future studies should consider 

a transactional model between parenting and child development over time, to understand 

the reciprocal nature of person-environment interplay in shaping self-regulation (e.g., 

Kochanska et al., 2009).

This study also has several notable strengths, including a high-risk, low-income sample that 

has been under-investigated, a longitudinal design to follow families four times across three 

years, and an analytic approach to capture both the stability and interconnection amongst 

different aspects of regulation. Additionally, this study utilized a multiple-informant 

and multiple-method design including observational assessments of parenting as well as 
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assessing child regulatory behaviors through both physiological data and observational 

measures of both global ratings and micro coding. This study identified developmental 

pathways to the formation of early self-regulatory functions, while incorporating critical 

parenting influences towards this process, adding to our knowledge of early regulation 

development in a high-risk context. The findings of this study suggest tailoring intervention 

efforts according to parent and child factors in order to alleviate risk in self-regulation. 

Specifically, more attention should be given to risk factors that compromise caregiver 

sensitivity, which promotes a unified, higher-order regulatory function. Together, a 

more complete comprehension of factors contributing to differences in self-regulation 

development will allow for a better understanding of supporting adaptive physiological, 

cognitive, and socioemotional development in the context of poverty.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Conceptual and empirical models of the current study.

(a) The conceptual model of the current study. Bold lines indicate conceptualized pathways 

as indicated in Feldman’s (2009) study. Big hollow arrows indicate multiple possible 

moderating relations on both the autoregressive and cross-lagged paths. Covariates: child 

sex and ethnicity, as well as family income-to-needs ratio and residential state.

(b) The empirical findings of the current study. Bold lines indicate significant paths, dashed 

lines indicate non-significant paths, and grey lines indicate significant moderation effects by 

caregiver sensitivity.
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Figure 2. 
Interactions plots between emotion regulation and caregiver sensitivity. † p < .10, * p < .05, 

*** p < .001.

(a) Interaction between emotion regulation at 6 months and caregiver sensitivity predicting 

emotion regulation at 15 months.

(b) Interaction between emotion regulation at 6 months and caregiver sensitivity predicting 

attention regulation at 15 months.

Wu et al. Page 25

Child Dev. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Interactions between physiological regulation and caregiver sensitivity. † p < .10, * p < .05, 

** p < .01.

(a) Interaction between physiological regulation at 6 months and caregiver sensitivity 

predicting emotion regulation at 15 months.

(b) Interaction between physiological regulation at 24 months and caregiver sensitivity 

predicting executive functions at 36 months
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