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Abstract

Current theoretical conceptualizations of regulatory development suggest that attention processes
and emotion regulation processes share common neurophysiological underpinnings and behavioral
antecedents such that emotion regulation abilities may build upon early attentional skills. To
further elucidate this proposed relationship, we tested whether early neurophysiological processes
measured during an attention task in infancy predicted in-task attention behavior, and whether
infant's attention behavior was subsequently associated with their ability to regulate emotion in
early childhood (N=388). Results indicated that, greater EEG power change (from baseline to
task) at medial frontal locations (F3 and F4) during an attention task at 10 months were associated
with concurrent observed behavioral attention. Specifically, greater change in EEG power at the
right frontal location (F4) was associated with more attention, and greater EEG power at the left
frontal location (F3) was associated with less attention, indicating a potential right hemisphere
specialization for attention processes already present in the first year of life. In addition, after
controlling for 5-month attention behavior, increased behavioral attention at 10-months was
negatively associated with children's observed frustration to emotional challenge at age 3. Finally,
the indirect effects from 10-month EEG power change at F3 and F4 to 3-year emotion regulation
via infants' 10-month behavioral attention were significant, suggesting that infant's attention
behavior is one mechanism through which early neurophysiological activity is related to emotion
regulation abilities in childhood.
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Deficits in early emotion regulation abilities are considered to be central to childhood
psychological maladjustment and thought to partially constrain subsequent development in a
variety of domains (Keenan, 2000; Calkins & Fox, 2002; Calkins, 2008). Current
conceptualizations of emotion regulation acknowledge that the regulation of emotion is not
purely an emotional process. Instead, emotion regulation draws on fundamental
neurophysiological, cognitive, and behavioral processes, all of which become elaborated and
integrated over the course of development (Calkins, 1994, 2008; Fox & Calkins, 2003).
Thus, a clearer understanding of how these different domains develop and integrate across
infancy and early childhood has been suggested as critical for advancing our knowledge of
how emation regulation abilities contribute to overall behavioral adjustment (Posner &
Rothbart, 2000).

The role of children's attentional capacities in the modulation of arousal has been of
particular interest to developmental scientists. The first year of life is characterized by
significant maturation of neural processes thought to underlie attention, as well as an
increase in more sophisticated attention behaviors (Colombo, Harlan, & Mitchell, 1999;
Posner & Fan, 2008). This is also the time when infants begin to develop and utilize
rudimentary attention-based strategies to regulate emotional arousal (Grolnick, McMenamy,
& Kurowski, 2006). Thus, understanding the development of neural mechanisms underlying
infants' attention behavior may provide important insight into how early attention and
emotional self-regulatory processes are linked, and how they are related to later adaptive
functioning. In the current paper we utilize a biobehavioral developmental perspective,
which advocates investigating both biological and behavioral levels of a given factor in the
context of one another, rather than in isolation (Beauchaine, 2001). We examine the
influence of attentional processes measured at both the neural and behavioral level during
early infancy on children's ability to regulate emotion during early childhood. We posit that
the development of attention-related neural activity during infancy may impact later emotion
regulation behavior through its influence on children's developing attentional skills.

Emotion Regulation and Attentional Abilities

Emotion regulation processes are often defined as behaviors, skills, and strategies, whether
automatic or effortful, which serve to modulate emotional experiences and expressions
(Calkins & Hill, 2007). Although the development of emotion regulation relies on reciprocal
and transactional associations across multiple developmental domains, previous theoretical
and empirical work makes clear that attentional skills in particular are closely tied to the
ability to regulate distress during infancy (Bell & Calkins, 2012; Calkins, 2004; Kopp, 1989;
Thompson, Lewis, & Calkins, 2008). In fact, emotion regulation in the first year has been
largely described and defined in terms of attentional and motoric control mechanisms that
operate primarily to reduce, inhibit, amplify, or balance infant's affective responses (Calkins,
2004; Posner & Rothbart, 2000). Attention orienting, specifically, has been identified as
playing a critical role in the early regulation of emotion (Rothbart, Sheese, Rueda, & Posner,
2011). This is because orienting attention toward a stimulus, or away from it, has the effect
of amplifying or reducing the affective valence with which it is associated, therefore
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changing the affective experience and potential salience for the infant (Rothbart, Posner, &
Rosicky, 1994).

Rothbart and colleagues (Rothbart, Posner, & Boylan, 1990) were among the first to observe
that attentional orienting skills were related to decreases in negative affect in infants. Others
have also found that distraction strategies, in which children shift their attention away from
the source of arousal and orient toward a more positive or neutral stimulus, may assist the
child in managing early frustration and fear responses (Calkins, Smith, Gill & Johnson,
1998; Diaz & Bell, 2011; Stifter & Braungart, 1995). Indeed, much research, including
contingency studies, has demonstrated that infants who avert their gaze or distract away
from a distressing stimulus (i.e., frustrating or fearful) show reduced negative affect in the
moment, and less anxious behavior over time (Crockenberg & Leerkes, 2004, 2006; Stifter
& Spinrad, 2002).

Given this concurrent association, qualitative shifts in attentional abilities across the first
twelve months of life may be fundamental to qualitative shifts in early emotional self-
regulation. From three to six months of age, infants develop the ability to coordinate their
use of attention engagement and disengagement in response to emotion inducing situations
in their environment. Thus, younger infants rely on simple attentional means such as gaze
avoidance to regulate negative affect (Mangelsdorf, Sharpiro & Marzolf, 1995), but by six
months of age an increase in attentional control allows infants to reliably distract or avert
attention from the source of distress (Johnson, Posner, & Rothbart, 1999; Posner &
Rothbart, 1998; Rothbart et al., 1990). By the end of the first year, fundamental changes in
the development of executive attention occur, which result in increasingly more
sophisticated volitional attention control (Ruff & Rothbart, 1996). The emergence of
executive attention within this time period is coincident with a shift in emotion regulation
strategies around 10 months of age during which infants are able to employ more organized
and sophisticated sequences of behavior in a purposeful and flexible manner when
responding to environmental cues (Calkins 2004; Calkins, Dedmon, Gill, Lomax, &
Johnson, 2002; Kopp, 1982; Mangelsdorf et al., 1995).

The development of early more rudimentary self-regulatory processes is theorized to set the
stage for, and may even constrain, the development of more complex and effortful emotion
regulation that occurs over the course of early childhood (Calkins, 2010; Calkins, 2011).
Specifically, infants who develop and are able to flexibly utilize attentional abilities to
control arousal may have a larger repertoire of sophisticated self-regulatory strategies to
effortfully draw from when encountering emotional situations independently. In addition,
the practice of these emerging skills early on may lead to greater automaticity, so that by the
time the child is ready to enter an environment with increasingly complex social and
cognitive demands they are able to easily modulate their own arousal and behavior in a way
that is socially appropriate without having to tax valuable cognitive resources (Calkins &
Marcovitch, 2010).

The previously described work suggests that a detailed understanding of the development of
attention during infancy has significant implications for understanding the origins of
emotion regulation (Posner, Rothbart, Sheese, & Voelker, 2014). Although a large body of
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literature has examined attentional behavior as it relates to emotion regulation skills and
strategies in infancy, models examining multiple levels of child attention (i.e., biological and
behavioral) in combination with one another are needed to better elucidate developmental
pathways to emotional adjustment (Cicchetti & Dawson, 2002; Lewis & Todd, 2007).

Neurophysiological Correlates of Attention Behavior

The emergence of attention behavior in development is theorized to be associated with
underlying connectivity of neural circuitry that develops and strengthens across childhood
(Colombo & Cheatham, 2006; Posner & Fan, 2008). Because of its role in the volitional
control of attention, the executive attention network has been implicated as most critical for
supporting developing regulatory abilities and has therefore been the focus of much
theoretical and empirical work. Data from a number of studies have shown that situations
requiring the volitional control that is associated with executive attention activate a neural
network comprised of the Anterior Cingulate Cortex (ACC) in the medial frontal lobe and
parts of the prefrontal cortex (Posner & Fan, 2008). These brain regions are thought to play
an important role in the executive attention network because they serve to coordinate,
regulate, and process information from other neural networks and are involved in the control
of both cognition and emotion (Posner, 2012; Posner, Rothbart, Sheese, & Tang, 2007).
Thus, the involvement of attention in emotional regulation is thought to be facilitated by this
overlap in the neural circuitry within the ACC and prefrontal areas (Beauregard, Levesque,
& Paquette, 2004; Posner & Fan, 2008; Rubia et al., 2008; Smith, Taylor, Brammer, Toone,
& Rubia, 2006).

There is accumulating evidence that there is at least rudimentary overlap in the functional
connectivity of brain areas comprising neural networks that subserve attention processes in
very early infancy, although clearly activation between brain regions becomes increasingly
coordinated during the latter half of the 15t year with significant development continuing
into early childhood (Berger, Tzur, & Posner, 2006; Fair et al., 2012; Posner, Rothbart,
Sheese, & Voelker, 2012, 2014). Work using fMRI functional connectivity (i.e.,
measurement of synchronization in activity from distinct brain areas) during a resting state
has revealed that in neonates, parietal areas associated with an attention orienting network
exhibit strong connectivity to lateral and medial frontal areas associated with the executive
attention network (Posner et al., 2012). Despite the fact that these rudimentary connections
(centered at a seed region) are present at birth, a series of recent studies has shown that
extensive development of neural networks controlling attentional and cognitive control
processes continues to occur rapidly, with adult-like connectivity present by the end of the
first year of life (Gao, Zhu, Giovanello, Smith, Shen, et al., 2009; Gao, Gilmore, Shen,
Smith, Zhu, & Lin, 2013).

Developmental imaging work in older children has shown that amount of ACC activation is
related to both a child's observed performance on cognition and attention based laboratory
tasks, as well as parental reports of emotional control abilities (Posner & Rothbart, 1998).
Although this work has led to promising theoretical conceptualizations of the development
of the executive attention network and the interconnectedness of attention and emotion
processes in the infant brain, empirical work providing data in infancy is lacking. A better
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understanding of these associations in infancy is particularly important because the early
emergence of more sophisticated regulatory strategies is thought to be heavily reliant on the
development of the neural systems underlying attention during the latter half of the first year
of life (Fox & Calkins, 2003; Grolnick, Bridges, & Connell, 1996; Kopp, 2002; Silk, Shaw,
Skuban, Oland, & Kovacs, 2006). Delays in this development may be one source of
individual difference in the development of effective emotion regulation and may result in
elevated risk for developing early psychopathology such as internalizing and externalizing
behavior problems (e.g. Calkins, 1994; Calkins, 2010; Calkins & Keane, 2004).

One reason empirical work in this area is lacking is the limited availability of
neurophysiological methods that can be utilized with infant samples. Neural activity
measured at the scalp level via electroencephalogram (EEG) methodology, particularly
within areas of the frontal cortex, is one method that can provide a direct measure of
attention processes in the infant brain. Attentional control exerts its influence in the brain by
modulating the activity of neural systems involved in information processing such that
information processing in the attended channel is facilitated, while processing in irrelevant
channels is inhibited (Rueda, Posner, & Rothbart, 2005; Orekahova, Stroganova, &
Posikera, 2001). The EEG signal is a measure of brain electrical activity that is recorded via
electrodes on the scalp and results from summated postsynaptic neuronal potentials firing in
synchrony (Davidson, Jackson & Larson, 2000). This synchronization of activity leads to a
dominant frequency of oscillation that is measureable at electrode sites placed at specific
scalp locations (e.g. Kagan, Snidman, Kahn, & Towsley, 2007). From this, measures of EEG
power (i.e., root-mean-square average amplitude of the EEG signal within a frequency band
of interest) can be derived and provide information about the extent of cortical activity at
rest (i.e. baseline) and in response to specific situations or stimuli (i.e., task related changes).

Task related changes in EEG power (in comparison to baseline) are hypothesized to
represent neural activity in brain areas underlying specific scalp electrodes, and have been
used as indicators of cognitive processing during laboratory tasks with infants and adults
(see Klimesch, 1999 for a review). Although work with adults and infants has revealed
potential associations between attention performance and multiple EEG frequency bands at
multiple scalp locations (see Orekahova, Stroganova, & Posikera, 1999 and a review by
Saby & Marshall, 2012), the infant alpha band (6-9 Hz) has been identified by infant EEG
researchers as the dominant frequency to investigate both cognitive and emotional
processing (Bell, 2001, 2002, 2012; Orekhova et al., 2001; Marshall, Bar Haim & Fox,
2002), and is thought to approximate the alpha band in adults. Further, a relationship
between EEG alpha activity and attentional modulation of cortical networks has a long and
prevalent history and is commonly accepted in the field (Ray & Cole, 1985; Orekhova et al.,
2001). For example, very early work attempting to link EEG and attention in infancy found
a change in posterior rhythm similar to the adult alpha rhythm to be associated with visual
stimulation (Lindsley, 1939). More systematic work with 7-12 month old infants replicated
and extended this finding and specified that infant alpha power over fronto-central scalp
locations increased during a visual stimulation condition compared to a condition of
complete darkness (Stroganova, Orekhova, & Posikera, 1999).
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This work was further extended by examining the association between infant alpha power
and actual performance on attentional tasks. Specifically, better attention performance was
associated with higher amplitude EEG power values at fronto-central and parietal locations
in 7-12 month old infants during internally (anticipatory) and externally (visual display)
controlled attention tasks, although this result was strongest for EEG measured during the
externally controlled attention condition (Orekhova et al., 2001). Additional work with
infants and the 6-9 Hz frequency band has shown that higher baseline EEG power values at
all scalp locations, and larger baseline to task increases in EEG power at frontal scalp
locations specifically, were associated with longer looking on a visual habituation task (Diaz
& Bell, 2011) and better performance on working memory tasks that rely on attention
shifting (e.g., Bell, 2002; Bell & Wolfe, 2007; Cuevas & Bell, 2011). These finding may be
indicative of different levels of brain maturation resulting in individual differences in
attention behavior in the first year (e.g., Cuevas & Bell, 2014; Marshall et al., 2002). Thus,
utilizing EEG methodology to examine attention task-related changes in 6-9 Hz EEG power
at medial frontal scalp locations (electrode sites F3 and F4) may allow for a clearer
understanding regarding the association between early neural activity potentially linked with
the executive attention network and observed attention behavior, and its relation to the
development of later emotion regulation.

The Current Study

Early attentional processes are theorized to be one mechanism through which infants begin
to develop more sophisticated attention-based strategies for regulating their emotional
arousal, which has critical implications for overall behavioral adjustment (e.g., Bell &
Calkins, 2012; Fox & Calkins 2003; Posner & Rothbart, 1998; Rothbart et al, 1994,
Rothbart, Sheese, & Posner, 2007; Sheese, Rothbart, Posner, White, & Fraundorf, 2008).
However, very little work examines the impact of attentional processes at multiple levels of
child functioning on children's emotional control. To address this gap in the literature we
utilize a bio-behavioral developmental perspective and examine the relation between infants
attention behavior and underlying neurophysiological activity, and their ability to
emotionally regulate during childhood. We focused our investigation on the second half of
the first year of life because it is during this time that attention-related neural networks
become even more integrated, resulting in greater sustained attentional abilities that can be
utilized to regulate emotional arousal. We hypothesized that 1) greater neurophysiological
activity at 10 months, as indexed by increases in EEG power from baseline to task at frontal
electrode sites, would be associated with greater observed attentional skills at 10 months, 2)
greater attentional abilities at 10 months would be associated with greater emotional control
at age 3, and 3) neurophysiological activity at 10 months would be associated with children's
ability to emotionally regulate at age 3 through its influence on developing attentional
behaviors.
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Method

Participants

As part of a longitudinal study examining individual differences in the development of
cognition and emotion across early development, 410 infants were recruited by two research
locations (XXXX, and XXXX), with each location recruiting half of the total sample.
Infants were recruited via commercial mailing lists, newspaper birth announcements, and
word of mouth. Of the 410 infants, 22 were reported to be low birth weight or
developmentally delayed at age 3 and were excluded from the final sample. Thus, the
current study utilized data from 388 infants who were born within 15 days of their calculated
due dates and were healthy at the time of testing. For mothers who reported educational
information (N=378), 97% graduated from high school, 6% had a technical degree, 42% had
a bachelor's degree, and 22% had a graduate degree. Mothers were, on average, 29 years old
(SD = 6) when the infants were born.

At the 5-month visit, 388 infants participated. Infants were on average 162 (SD=7.8) days
old, 51% female, 13% African American, 78% European American, and 9% multiracial or
other. At the 10-month visit, 352 infants participated. Infants were on average 314
(SD=11.4) days old, 51% female, 13% African American, 78% European American, and 9%
multiracial or other. At the 3-year visit, 305 children participated. Children were on average
1129 (SD=31.6) days old, 50% female, 13% African American, 79% European American,
and 8% multiracial or other. Families lost to attrition included those who could not be
located, moved out of the area, declined participation, or did not respond to phone and letter
requests to participate. There were no significant differences between families who did or
did not participant at each time point in terms of child sex or race.

Procedures

Data were collected in both research locations using identical protocols. Research assistants
from each location were trained together by the project's Principal Investigator on protocol
administration, as well as on behavioral and psychophysiological coding. To ensure that
identical protocol administration was maintained between the labs, the XXXX site
periodically viewed DVD recordings and psychophysiology files collected by the XXXX
lab. To ensure that identical coding criteria were maintained between labs, the XXXX lab
provided reliability coding for behavioral data and verification of artifact screening for
psychophysiology data collected and coded by the XXXX lab.

Upon arrival at the research laboratory, participants were greeted by a research assistant who
explained the study procedures and obtained signed consent from the mother. After a brief
warm-up period, children were fitted with the EEG cap and participated in a variety of
behavioral laboratory tasks assessing cognitive and emotional development. The session was
digitally recorded for later behavioral coding. Parents were paid $50 for each laboratory
visit.
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Neural Activity—EEG was recorded during baseline and during a visual attention task at 5
and 10 months. To obtain baseline EEG at both the 5 and 10 month visit, infants sat on their
mothers' laps and watched a research assistant manipulate a toy containing brightly colored
balls on a testing table 1.1 meters in front of them. This baseline procedure quiets the infant,
yields minimal eye and gross motor movements, and allows the infant to tolerate the EEG
cap (e.g. Bell, 2001, 2012; Diaz & Bell, 2011; Fox, Henderson, Rubin, Calkins & Schmidt,
2001).

Recordings were made from 16 left and right scalp sites: frontal pole (Fpl, Fp2), medial
frontal (F3, F4), lateral frontal (F7, F8), central (C3, C4), temporal (T7, T8), lateral parietal
(P7, P8), medial parietal (P3, P4), and occipital (O1, O2). All electrode sites were referenced
to Cz during recording. EEG was recorded using a stretch cap (Electro-Cap, Inc.; Eaton,
OH; E1-series cap) with tin electrodes in the 10/20 system pattern. After the cap was placed
on the head, a small amount of abrasive gel was placed into each recording site and the scalp
gently rubbed. Conductive gel was then added to the recoding sites. Electrode impedances
were measured and accepted if they were below 20 k(2.

The electrical activity from each lead was amplified using separate James Long Company
Bioamps (James Long Company; Caroga Lake, NY). During data collection, the high pass
filter was a single pole RC filter with a 0.1 Hz cut-off (3 dB or half-power point) and 6 dB
per octave roll-off. The low pass filter was a two-pole Butterworth type with a 100 Hz cut-
off (3 dB or half-power point) and 12 dB octave roll-off. Activity for each lead was
displayed on the monitor of the acquisition computer. The EEG was digitized on-line at 512
samples per second for each channel to eliminate the effects of aliasing. The acquisition
software was Snapshot-Snapstream (HEM Data Corp.; Southfield, MI) and the raw data
were stored for later analyses. Prior to the recording of each subject a 10 Hz, 50 uV peak-to-
peak sine wave was input through each amplifier. This calibration signal was digitized for
30 s and stored for subsequent analysis.

Spectral analysis of the calibration signal and computation of power at the 9 to 11 Hz
frequency band was accomplished. The power figures were used to calibrate the power
derived from the subsequent spectral analysis of the EEG. Next, EEG data were examined
and analyzed using EEG Analysis software developed by James Long Company. Data were
re-referenced via software to an average reference configuration. The average reference
EEG data were artifact scored for eye movements using a peak-to-peak criterion of 100 uV
or greater. Artifact associated with gross motor movements over 200 uV peak-to-peak was
also scored. These artifact-scored epochs were eliminated from all subsequent analyses. No
artifact correction procedures were used. The data then were analyzed with a discrete
Fourier transform (DFT) using a Hanning window of 1-s width and 50% overlap.

Power was computed for the 6- to 9-Hz frequency band. The 6-9 Hz frequency band is the
dominant frequency for infants this age (Bell & Fox, 1992; Marshall et al., 2002), is thought
to approximate the alpha band in adults, and has been used by infant EEG researchers to
investigate both cognitive and emotional processing (Bell, 2001, 2002, 2012; Diaz & Bell,
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2011; Fox et al., 2001; Orekhova, et al., 2001). Power was expressed as mean square
microvolts and data were transformed using the natural log (In) to normalize the distribution.

Because task-related changes in EEG power (in comparison to baseline) are hypothesized to
represent activation of brain areas underlying specific scalp electrodes (Cuevas & Bell,
2011), we derived a measure of neural activity at frontal scalp locations by subtracting
baseline EEG power from EEG power during the attention task at the medial frontal
electrode sites (F3 and F4). We chose to only examine these medial frontal sites because of
the well-established role of the frontal cortex for attention processes (Posner & Fan, 2008).

Attention Behavior—At the 5- and 10-month laboratory visit infants sat on their mothers'
laps 1.1m from the edge of the testing table (90 cm [L] x 60 cm [W] x 75 ¢cm [H]) and were
presented with a glove puppet adorned with facial features on the palms of each glove and
small bells attached to each fingertip. Glove puppets were presented four separate times,
each ending when the infant looked away for at least 3 seconds. Although this procedure
ensured that each infant was given multiple opportunities to direct their attention to the
stimuli, it resulted in different task times for each participant (Cuevas & Bell, 2014). Thus, a
proportion score of time looking at the glove puppet in relation to the total task time was
utilized as the measure of infant attention. In the current study, a greater proportion of time
spent attending to the puppet was indicative of greater behavioral attention ability.

Looking data were coded offline to determine proportion of time looking. A video camera
was placed behind and above the experimenter's head and focused to maintain a close-up
view of the glove and the infant's face. A research assistant coded each infant's look duration
from a videotape/DVD of the laboratory session using the Video Coding System software
developed by James Long Company (Caroga Lake, NY). An additional independent
observer coded at least 20% of the videos to confirm reliability of coding. Intraclass
correlations exceeded .91 for proportion of looking at each age at each study site.

Emotion Regulation—At the 36 month laboratory visit children participated in a
frustrating puzzle task. During the task children were given a developmentally difficult
alphabet puzzle with all of the pieces scattered around it and asked to work independently.
The letters were heavily bubbled making their shape somewhat abstract, and there was no
corresponding picture of the letter on the puzzle to use as a guide, so it was not easy to
decipher exactly where the piece should fit. No child was able to complete the puzzle
without assistance. A camera was focused on the child and child behavior was videotaped
for off-line coding by trained research assistants. Coders assessed children's intensity and
latency of anger, as well as their language valance and content, and rated children's global
frustration on a 4-point scale (i.e., 1 = low incidence of frustration; 4 = high incidence).
Because adaptive emotion regulation includes the ability to express and modulate emotions
in a way that is socially appropriate, higher observed frustration scores are indicative of less
regulatory ability. Global frustration was coded in 30-s epochs, which were then averaged to
create a mean score for frustration across the entire task. Higher scores were indicative of
greater frustration. An additional independent observer coded at least 20% of the videos to
confirm reliability of coding. Intraclass correlations exceeded .94 for observed child
frustration at each study site.
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Descriptive statistics and correlations for all study variables are presented in Table 1. A path
analysis was conducted to examine the associations between brain electrical activity at
frontal scalp locations during attention in infancy (i.e., EEG power change scores), observed
attention behavior in infancy, and children's behavioral regulation of emotional frustration.
Mplus (Version 7; Muthén & Muthén, 2012) was used to conduct the analyses and Full
Information Maximum Likelihood (FIML) was used to handle missing data. Because
baseline power values are included in the calculation of the change scores and may therefore
impact the magnitude of change in power from baseline to task, 5-month and 10-month
baseline power values were controlled for in the model. Moreover, given our interest in
isolating the developmental time period associated with the second half of the first year
when examining whether neural activity was associated with developmental changes in
attention behavior and subsequent emotion regulation, neural activity and attention behavior
at 5 months were controlled for in the model. In doing this, we were able to account for
attentional skills in very early infancy and focus on the way in which developmental
changes in neural and behavioral attentional processes occurring from 5 to 10 months of age
influenced later emotion regulation.

Evaluation of model fit was assessed by examining the comparative fit index (CFI) (Marsh
& Hau, 2007) and the root mean square error of approximation (RMSEA) (Cole & Maxwell,
2003). Values close to or greater than .90 are desirable for the CFI, while RMSEA values
should be less than or equal to .06 for good model fit (Hu & Bentler, 1999). Based on these
criteria, the hypothesized model fit well, 72 (29, N = 388) = 54.17, p = .01, CFI = .95,
RMSEA = .05 [CI = .03, .07] (standardized coefficients are presented in Figure 1). The first
aim of the study was to assess whether neural activity within the frontal cortex during an
attention based task was associated with concurrent observed attention behavior. To measure
neural activity we calculated the change in EEG power from a baseline task to an attention
task at left frontal (F3) and right frontal (F4) electrode sites and modeled each as a predictor
of observed attention. Results indicated that at 10-months, change in EEG power at the left
frontal location was associated negatively with proportion of time spent attending, while
change in EEG power at the right frontal location was associated positively with looking
behaviors (see Figure 1). These results suggest that greater increases in EEG power within
the left frontal cortex were associated with less attention to the stimulus, while greater
increases in EEG power in the right frontal cortex were associated with greater attention.

We also examined whether attention in infancy was associated with children's ability to
regulate their emotions during early childhood. Results revealed that proportion of time
spent attending to the glove puppet at 10-months was associated negatively with children's
observed frustration during the challenging puzzle task at age 3 (see Figure 1). These
findings suggest that development in attentional abilities during the second half of the first
year may have lasting impacts on emotion regulation in early childhood; the ability to
sustain attentional engagement at 10 months, in particular, may be an important predictor for
later emotion regulation abilities.
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Finally, because infant attention is theorized to lay the foundation for later emotion
regulation and behavioral control across childhood, and attentional control is built from
rapidly developing neural networks, we investigated whether development of attention was
one mechanism through which early neural activity within the frontal cortex is associated
with later behavioral regulation of emotion. Thus, using a bias-corrected bootstrapping
procedure (10,000 draws), we tested the indirect effect of EEG power change scores at F3
and F4 on observed frustration at 36 months through 10-month observed attention behavior.
This approach has been shown to generate the most accurate confidence intervals for
indirect effects, reducing Type 1 error rates and increasing power over other similar tests
(MacKinnon, Lockwood, & Williams, 2004). The indirect effect from EEG power change at
F3 to observed frustration at 36 months was significant (unstandardized estimate = .07, 95%
BC Bootstrap CI [.02, .15]), indicating that greater power increase within the left frontal
cortex during an attention task at 10 months was associated with greater 36-month
frustration through its influence on infants' observed attention skills. The indirect effect from
EEG power change at F4 to observed frustration at 36 months was also significant
(unstandardized estimate = -.05, 95% BC Bootstrap CI [-.12, -.01]). However, in contrast to
power change within the left frontal cortex, greater power increase within the right frontal
cortex during the attention task at 10 months was associated with less 36-month frustration
through its influence on infants' 10-month observed attention.

Discussion

Current conceptualizations of development acknowledge that complex interactions across
levels of child functioning (Gottlieb, 1997; Sameroff, 2010, Shonkoff, 2010) impact
developmental pathways, and developmental outcomes in any domain are at least partially
dependent on fundamental neurophysiological and behavioral processes that become
elaborated and integrated over time (Calkins, 1994, 2008; Thompson et al., 2008). Although
a bio-behavioral perspective of development underscores the need to assess the contribution
of underlying biological processes to produce patterns of behavior that are influential to the
development of fundamental skills, very little work has examined the role of attentional
processes at both the behavioral and neurophysiological level on children's developing
emotional control.

Previous developmental work utilizing samples of older children and adults demonstrates
that activity within the ACC is associated with observed attentional behavior (Posher &
Rothbart, 1998; Posner & Rothbart, 2000, 2009). Empirical work providing data to support
these ideas in infancy, however, is severely lacking. Therefore, the first goal of the current
study was to test whether neural activity within the frontal cortex during an attention based
task was associated with concurrent observed attention behavior during the second half of
the first year of life. As hypothesized, we found that greater neurophysiological activity at
medial frontal scalp locations during an attention task at 10 months was associated with
greater time spent attending during the task. However, our findings indicate that this
relationship was specific to the right frontal scalp location (F4). In contrast, an increase in
power from baseline to task at the analogous left frontal scalp location (F3) was associated
with less time spent attending at 10 months. In combination, these results suggest that neural
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activity within the frontal cortex may play a particularly important role in the development
of infants' observed attention.

Our finding that right frontal activity, in particular, was related to greater observed attention
fits with previous work from both clinical and developmental research showing a right
hemisphere bias for attention based performance. Developmental neuroimaging work in
older children (5 to 16 years), for example, has shown a significant correlation between the
volume of area of the right anterior cingulate of the ACC, which is known to be related to
brain development and functional maturation of neural networks, and the ability to perform
tasks requiring focal attention (Casey et al., 1997b; Durston et al., 2001). Similarly,
developmental neuroimaging work with older children with attention-deficit/hyperactivity
disorder (ADHD) and age-matched controls has demonstrated that performance on tasks
requiring the use of attention and response inhibition correlated with differences in volume
of structures of the frontal cortex which were found to be abnormal in children with ADHD;
these correlations were present predominately in the right hemisphere, thereby supporting a
role of right frontal circuitry in attention and response inhibition abilities that are
compromised in ADHD (Casey et al., 1997a).

Brain development is a dynamic and constantly evolving process and the relationship
between neural activity and behavior also changes across developmental time periods. This
may be particularly true with regard to neural systems involved in attention, cognitive
control, and regulatory abilities (e.g. Posner, 2012). For example, a recent large-scale multi-
center examination of structural maturation of the brain using MRI technology in children
aged 4 to 21 years found that surface area of the ACC accounted for a significant proportion
of the variance in cognitive control abilities measured by the flanker task of the NIH
toolbox, which relies heavily on attentional control (Fjell, Walhovd, Brown, Kuperman,
Chung, et al., 2012). This relationship was most prominent in the right anterior cingulate
area of the ACC and strongest for the youngest children in the sample; this correlation
decreased to non-significance with age. These findings support the hemispheric difference
we observed in early infancy. Because there appears to be an advantage for right hemisphere
dominance for attentional processing in older children and adults, our findings suggest that
by 10-months of age this advantage is already evident and is associated with performance on
an attention task. Taken together, these results may suggest that during infancy, when the
most change in neural development is occurring, the adult like pattern of a right hemisphere
advantage may have long-term consequences for subsequent abilities (e.g. self-regulation
and emotion regulation) later in development.

Our findings are the first of our knowledge to demonstrate an advantage for right frontal
alpha power during attention in infancy and extend previous findings of a right hemisphere
specialization for attention processes to the first year of life. In addition, our finding that
more left frontal activation during the attention task was related to less observed attention
behavior suggests a potential disadvantage for left frontal activation during attention in
infancy. It should be noted, however, that our findings regarding right hemisphere activation
being associated with better attentional engagement in infancy are preliminary and were part
of a larger study designed to look at multiple aspects of cognitive and emotional
development. These ideas and questions should be further explored in longitudinal studies
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designed to look specifically at the neural bases of attention development and emotion
regulation in infancy and early childhood.

We focused our investigation exclusively on the 6-9 Hz frequency band of the EEG, which
is the most prevalent frequency band used in infant EEG research. However, previous work
with adults and older children has also found a relationship between the theta frequency
band (4-8 Hz) and performance on tasks that require cognitive control processes that depend
heavily on attention (e.g. Cavanagh, Cohen, & Allen, 2009; Cavanagh, Frank, Klein, &
Allen, 2010; Liu, Woltering, & Lewis, 2014). Importantly, using high density EEG
methodology, these studies have also demonstrated that theta activity may originate from the
ACC during tasks which require cognitive control (e.g. Cavanagh et al., 2009, 2010;
Womelsdorf, Johnson, Vinck, & Everling, 2011). Previous infant work has examined theta
band activity (3.6 — 6 Hz in infant samples) in relation to attention behavior in development
and found that although there was an association between sustained attention and theta band
activity, the direction of this relationship reversed between 8 and 10 months of age;
increased theta power was associated with greater sustained attention at 8 months, but less at
9 and 10 months (Orekhova et al., 1999). Thus, the examination of EEG power in additional
frequency bands in relation to the development of attention may be important in future work
with infant and toddler samples.

A number of theoretical and empirical works have supported the role of attention behavior
in children's emotion regulation abilities (e.g., Bell & Calkins, 2012; Crockenberg &
Leerkes, 2006; Posner & Rothbart, 2000; Stifter & Spinrad, 2002). Very little research,
however, has addressed whether the early development of attention behaviors impacts
emotion regulation abilities in childhood. Thus, an additional aim of the current study was to
assess whether the development of observed attentional abilities in infancy, as indexed by a
greater proportion of time spent attending to a task, was associated with greater emotional
control in early childhood.

As hypothesized, infants who demonstrated more attention to task stimuli at 10 months of
age showed less evidence of frustration during a challenge task at 3 years of age.

Empirical work has documented normative declines in looking duration from 3 to 5 months
of age, a number of studies have linked shorter looking durations (SL) during this time
period to faster information processing better inhibition or disengagement of attention (see
Colombo, 2002 for a review), and better EF and cognitive outcomes (e.g. Cuevas & Bell,
2014). By 7 months of age, however, looking behavior plateaus or increases and the relation
between shorter looking duration and greater information processing is less clear (Colombo,
Harlan, & Mitchell, 1999). The increase in infants' time spent attending during the second
half of the first year is attributed to the emergence of endogenous or sustained attention
processes. Sustained attention processes are more volitional and controlled and have been
theoretically and empirically linked to the emergence of the executive attention system,
which is thought to underlie downstream development of emotion regulation (Berger et al.,
2006).
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One way in which early attentional skills may related to children's later ability to
emotionally regulate is through increased practice regulating emotional arousal. A greater
ability to direct, orient, and control attention is likely to afford children more opportunities
to directly engage with their environment. Engagement in qualitatively different social and
emotional contexts that vary in arousal may subsequently provide increased opportunities
for children to hone their regulatory skills (Sroufe, 1996). These opportunities to practice
and employ varying regulatory strategies across infancy and toddlerhood may subsequently
impact the sophistication of emotion regulation processes during early childhood. In
addition, greater attentional abilities may influence the amount of information children
receive and retain during social contexts and subsequently their social functioning (e.g.,
Eisenberg et al., 1993; Eisenberg, Spinrad, & Morris, 2002). For example, children who are
better able to attend to relevant stimuli may have an easier time picking up on social
partners' responses to emational behavior, which convey information regarding appropriate
emotional expression. An early history of attentional engagement in social interactions,
during which children can pick up these social cues, is likely to be an important factor for
later adaptive emotion regulation.

Finally, given the theorized role of neural activity in the development of increasing
behavioral attentional abilities, and the relation between attentional skills and the regulation
of emotion, we tested whether neurophysiological activity during infancy is associated with
children's ability to emotionally regulate during early childhood through its influence on
developing attentional behavior. As hypothesized, we found that neurophysiological activity
at 10 months was associated with children's ability to emotionally regulate at age 3 through
its influence on infants ability to attend to stimuli. However, the specific pattern of findings
was again differentiated by hemisphere. Greater neural activity in the right hemisphere
during an attention task during infancy was associated with a greater ability to emotionally
regulate in early childhood through its impact on attention behavior. Thus, greater right
hemisphere activity during an attention task leads to more attentional engagement in the
moment; greater attentional engagement in infancy is then associated with a better ability to
regulate one's own emotions independently in childhood. In contrast, greater left hemisphere
activity was associated with less emotion regulation due to its negative impact on attentional
engagement.

These findings suggest that right frontal activation during attention may be an optimal
pattern of neurophysiological response from very early in development, and that deviations
in this pattern of neural response may have downstream consequences for not only attention
behaviors but also other areas of functioning that rely on attention development including
emotion regulation. Moreover, our findings support the argument that both early
neurophysiological and behavioral attentional processes play a role in children's later
emotion regulation, and that child functioning across biological and behavioral levels should
be considered in combination with one another to assess questions of developmental
process.

The current study has multiple implications for developmental theory and research. First,
findings highlight the importance of examining developmental processes from a bio-
behavioral perspective and underscore the need for researchers to examine associations
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across multiple developmental domains and levels of child functioning. In addition, because
a significant indirect effect emerged linking early neurophysiological attentional capacities
to later emotion regulation through attention behavior, findings suggest that neural activity
during attentional tasks during infancy may be one factor that can help identify children at
risk for later deficits in emotional control. Additional research, however, is still needed to
better understand the longitudinal relations between attention and emotion regulation
processes. Analyses presented here are in line with prior longitudinal work highlighting the
role of early attentional orienting on later emotional functioning (e.g., Rothbart et al.,2011;
Sheese, Rothbart, Posner, White, & Fraundorf, 2008), but they do not address potential
reciprocal relations among the development of both constructs over time. Recent research
has shown infants early emotional expression during the first year of life to be associated
with later attentional control by age 7 (Posner et al., 2014). Thus, future longitudinal
developmental models examining reciprocal and bi-directional pathways from infancy
throughout childhood may be particularly useful in identifying when and how emotion and
attention processes integrate and support one another.

Although the current study had several strengths, there are some noteworthy limitations.
First, we measured emotion regulation during a frustration task. Neurophysiological and
behavioral attentional abilities may not be as salient of a predictor in the regulation of
positive emotions due to the fact that attention aversion from a negative stimuli is not
necessary. However, children may still reduce positive arousal or excitement by distracting
themselves toward neutral stimuli in a very similar way. Although very little empirical work
has addressed this, Stifter and Moyer (1991) were able to demonstrate that 5 month old
infants avert their gaze as a means of regulating high levels of positive arousal during a
peek-a-boo task. Thus, more research is needed to disentangle possible differentiating
effects of attention on the regulation of both positive and negative emotion.

Second, because the focus of the current paper was on the association between early
attention and later emotion regulation, we did not examine how attention is related to later
cognitive regulation. There is a large body of literature, however, that links early attention to
cognition in childhood (e.g., Sigman, Cohen, & Beckwith, 1997), including work conducted
in our own lab (XXXX, 2014). Thus future bio-behavioral research is needed to examine the
way in which early neurophysiological and behavioral attentional processes may influence
one another, and subsequently, later abilities such as working memory, inhibitory control,
and problem solving. Finally, although the current sample was relatively diverse, the
majority of infants were from families in which at least one parent had a college education
or higher (61%). Infants from higher income families with higher educated parents are often
exposed to increased parental sensitivity and cognitive stimulation, both of which have been
found to be associated with children's attention and emaotion regulation (e.g., Berry, Deater-
Deckard, McCartney, Wang, & Petrill, 2013; Chazan-Cohen et al., 2009; Feldman et al.,
2009; Wijnroks, 1998). Therefore, an important goal for future work will be to assess these
associations in more at-risk populations.

In conclusion, this work extends current literature and demonstrates that neural activity
within the frontal cortex may play a particularly important role in the development of early
attention behaviors that are associated with the emergence of more sophisticated emotion

J Exp Child Psychol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perry et al.

Page 16

regulation behavior and, importantly, that this dynamic process begins in the first year of
life. To our knowledge, this is the first study to provide empirical data demonstrating that
neural activity during an attention task in infancy is related to both concurrent attention
behavior, as well as future emotion regulation behavior through its influence on attentional
abilities in infancy. In addition, findings underscore the importance of assessing the
longitudinal relations across developmental domains and levels, and identifying potential
mediating mechanisms, when attempting to understand developmental processes involved in
the regulation of emotion.
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Highlights

«  Attention-related neural processes in infancy predicted observed attention
behavior

» Behavioral attention in infancy predicts emotion regulation at age 3

« Infant neural activity predicted emotion regulation at age 3 through attention
behavior
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Figure 1.
Standardized estimates for the model predicting 10-month observed infant attention and 36-

month observed frustration. Italicized wording delineates variables included for the purposes
of controlling for previous levels. *p < .05, **p < .01

J Exp Child Psychol. Author manuscript; available in PMC 2017 February 01.

.04

23+

Page 23

Observed Frustration
(36 months)




Page 24

Perry et al.

T0" > d
XX
‘0" >d
N
BION
€12 eve 0L€ vee vee TEE TEE gge sge N
(S1)09T (€T)00 (€1)10° (€1)60° (€T)OT- (ET)8S (€T)s0- (€160  (ET)2T (3B) maxs
00v  ELv6  ¥8Y6 Ty 34 €22 6" T A WNWIXelN
00T  99/Z 0802 2T 6 6 16~  OT'T- 6 wnwiuiy
7§ TTET L0LT s by e € 143 153 UOITeINSQ pIepUBIS
oVT 5909  ¥6'8S £9'C 29T 60° L0 S0 ) uesy
T 10 80 1T~ 20~ L0 50 G0 sUlUOW 9g UONENSNI4 PaAISSIO 6
- s 10~ «£<T €0’ «1” <V €0°  SYIUOW QT UONUSNY PaAIBsqO '8
- €0~ S0 €0 €0 orT 20 SYIIOW G UOIUBNY PanIasqo “/L
- w0807 8T LT 88 syuow 0T 4 Jamod suljesed ‘9
- 3 0 08 9T sypuow 0T €4 Jemod auljesed G
- xS 60 80’ SULOW QT ¥4 J9MOd V &
- S0 10 SYIUOW QT €4 JOMOd V €
- w7 SUIUOW G ¥4 JaMod V7 °Z
- SUILOW G £ JaMOd V7 T
6 8 L 9 g % € 4 T
sa|gelie/ [opolA Buowe suone|aa10D pue sansiels aAndiiosag
T sl1gel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Exp Child Psychol. Author manuscript; available in PMC 2017 February 01.



