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Abstract:
Vagal tone (measured via respiratory sinus arrhythmia, RSA) and vagal withdrawal (measured
by decreases in RSA) have been identified as physiological measures of self-regulation, but little
is known how they may relate to the regulation of cognitive activity as measured through
executive function (EF) tasks. We expected that baseline measures of vagal tone, thought to be
an indicator of attention, would correlate with EF performance. We also predicted that vagal
withdrawal would allow for the reorientation of attention that is needed to succeed on EF tasks,
but too much withdrawal would be detrimental. RSA measured at baseline was indeed related to
EF performance in 220 3.5-year-old children, and those who exhibited a moderate decrease in
RSA during the EF tasks outperformed children whose RSA decreased by too little or too much.
These findings implicate vagal tone withdrawal as a psychophysiological measure of higher
cognitive processes, most likely substantiated through increases in the levels of focused
attention.
Article:
INTRODUCTION
The development of self-regulation has sparked a lot of recent interest, as it is implicated in
successful outcomes across the lifespan (e.g., Hastings et al., 2008; Masi, Hawkley, Rickett, &
Cacioppo, 2007; Movius & Allen, 2005; Phillips, Henry, Hosie, & Milne, 2006; Souza et al.,
2007; Stifter & Corey, 2001). Self-regulation has been assessed independently using both
physiological (e.g., Hastings et al., 2008; Souza et al., 2007) and psychological (e.g., Phillips et
al., 2006) measures, and the relationship between the two approaches is emerging as a promising
avenue for research. For example, the Neurovisceral Integration Model (Thayer & Lane, 2000,
2009) postulates that the cognitive, emotional, behavioral, and physiological processes involved
in self-regulation all share common indices that are associated with heart rate variability. In the
present study, we examine how physiological measures of self-regulation, namely the cardiac
measure of vagal tone and its withdrawal, are related to cognitive regulation as measured by
executive function (EF) tasks in 3.5-year-old children.
Vagal tone is responsible for the neural regulation of heart rate. The myelinated vagus nerve
originates in the brainstem nucleus ambiguous and provides input to the sinoatrial node of the

heart, communicating bidirectional signals between the heart and the brain that are responsible
for the parasympathetic nervous system's response to stressors in the environment (Porges,
2003). According to Porges (1991, 2003), the vagal system works to maintain a homeostatic
balance between the internal and external demands of the environment. Vagal regulation in
young children can be measured non-invasively by capturing respiratory sinus arrhythmia
(RSA), the naturally occurring variations of heart rate during a breathing cycle.
Baseline measures of vagal tone, recorded during interactions with non-stress inducing stimuli,
indicates the level of arousal along with awareness of the environment and the stimuli within that
environment (Porges, 2003). Furthermore, baseline vagal tone reflects autonomic functioning
and has been found to be an important predictor of attention (Linnemeyer & Porges, 1986; Suess,
Porges, & Plude, 1994). Indeed, measures of baseline vagal tone have been associated with a
number of phenomena across the lifespan. Infants with higher baseline levels of vagal tone
demonstrate appropriate reactivity to stimuli (Huffman et al., 1998; Porges, Doussard-Roosevelt,
Portales, & Suess, 1994) and higher scores in infant assessments of intelligence (Fox & Porges,
1985), whereas lower vagal tone in children is associated with externalizing behavior problems,
high body mass index, depression, and sleep disruptions (El-Sheikh, Erath, & Keller, 2007). Low
baseline vagal tone is also predictive of negative health outcomes (e.g., hypertension) in adults
(Masi et al., 2007). In sum, higher baseline vagal tone seems to be more adaptive for physical,
mental, and behavioral outcomes across all ages.
Vagal tone withdrawal, in contrast, is measured by the decrease in RSA during situations where
regulation is required. Porges (1991) discusses vagal withdrawal as the ability to put on the
“brake” when reacting to events in the environment, effectively because a decrease in vagal input
stimulates increases in heart rate. This process is associated with the ability to maintain an
internal homeostatic balance in response to stressors in the environment and allow for increased
orientation to changes in the environment (Calkins, 1997). For instance, Porges et al. (1994)
found that 9-month-old infants who were unable to engage in vagal withdrawal had difficulty
coping with additional attention-eliciting stimuli and exhibited a greater number of externalizing
behaviors at age 3, indicating that physiological regulation of vagal tone is predictive of longterm behavioral outcomes. Vagal withdrawal predicts a number of positive outcomes including
academic performance (Blair & Diamond, 2008; Graziano, Reavis, Keane, & Calkins, 2007;
Staton, El-Sheikh, & Buckhalt, 2009) and peer relationships in childhood (Wilson, FernandesRichards, Aarskog, Osborn, & Capetillo, 2007). In adults, greater vagal regulation has been
shown to attenuate the negative heath outcomes in the midst of marital discord (Whitson & ElSheikh, 2003).
A number of researchers (e.g., DeGangi, DiPietro, Greenspan, & Porges, 1991; Richards &
Casey, 1991) have used vagal tone suppression within a task as a measure of sustained attention.
Although the majority of these studies involve infants, Suess et al. (1994) assessed the roles of
both baseline RSA and vagal withdrawal in middle childhood throughout a continuance
performance task. They reported that baseline RSA was predictive of performance in the first 3min block of the task and that vagal withdrawal occurred in subsequent blocks, providing
compelling evidence that these cardiac measures are associated with attentional capacity and the
ability to sustain attention.

Although vagal withdrawal has been typically associated with positive outcomes (e.g., Morgan,
Alkins, Steffian, Coric, & Southwick, 2007), extremely low and high levels of vagal withdrawal
have been associated with negative outcomes. For instance, Calkins, Graziano, and Keane (2007)
found that compared to control children, children at risk for externalizing behaviors exhibited
lower levels of vagal withdrawal. In addition, excessively high vagal withdrawal has
occasionally been linked to deficits in emotional functioning (Beauchaine, 2001), suggesting that
it interferes with coping or self-regulation. For example, children with behavior problems caused
by anxiety, displayed greater vagal withdrawal than children with no behavior problems (Calkins
et al., 2007). Perhaps excessive physiological regulation interferes with the ability to process
environmental stimuli in a flexible manner, and if so, decrements in adaptive self-control
behaviors should become apparent in these contexts.
Most vagal tone studies examine its relation to emotion or behavioral regulation (e.g., Lane et al.,
2009). We contend that, in addition, it is highly likely that moderate vagal withdrawal would
facilitate EF because of the need to stimulate (but not over-stimulate) increases in heart rate to
cope with the stressful demands inherent in the execution of higher order thought processes. The
goal of the current study was to examine how vagal tone processes relate to performance on EF
measures in 3.5-year-old children. EF is a cognitive structure comprises multiple subcomponents
including attention, working memory, and inhibitory control that may very well form the basis of
self-regulation skills. As 3- to 4-year-old children are entering a period of rapid and intense
development of EF skills (Carlson, 2005; Espy, 1997; Kirkham, Cruess, & Diamond, 2003;
Munakata & Yerys, 2001; Zelazo, Müller, Frye, & Marcovitch, 2003), it is important to
determine whether the emergence of these skills is related to physiological measures of
regulation. If a relation does exist, then we can begin to take steps toward early intervention to
avoid potentially maladaptive development of cognitive functioning. We chose two measures of
EF—the number recall task and the Children's Stroop Test—as an index of cognitive selfregulation in children.
In the current study, vagal tone was assessed via RSA measurements taken during a baseline
phase where children were watching a video, and again while children performed the EF tasks.
We hypothesized that as a measure of attention regulation, RSA measured at baseline would
positively predict performance on EF tasks. In addition, children who displayed a moderate
decrease in RSA during EF tasks were predicted to outperform peers who displayed relatively
little or too much vagal withdrawal.
METHOD
Participants
Participants were taking part in the first wave of an ongoing longitudinal study. The final sample
consisted of 220 3.5-year-old children (M = 41.89 months; SD = 2.38): 52% female; 53.2%
Caucasian, 35.9% African American, 6.4% other ethnicities. Poverty level was assessed via
parental self-report using a scale ranging from 1 (<$200/month) to 15 (>$10,000/month) yielding
a wide range of poverty scores (M = 8.9, SD = 3.3).
Measures
Vagal Tone. Heart period was measured from two disposable pediatric electrodes placed on the
child's chest that were connected to a preamplifier, the output of which was processed through a

vagal tone monitor (Series 2000 Mini-Logger; Mini Mitter Co., Inc., Bend, OR) for R-wave
detection. Data files were edited and analyzed using Cardio batch/Edit software (Brain-Body
Center, University of Illinois at Chicago, Chicago, IL). Porges' (1985) method of calculating
RSA was used, and was calculated every 30 s for the baseline period and every 15 s during the
cognitive tasks; the score used was an average across all epochs in a given task. Following
previous research (Calkins, 1997; Moore & Calkins, 2004) difference scores for calculating
vagal withdrawal were computed by subtracting episode RSA from baseline RSA, with positive
values indicating greater vagal withdrawal.
Number Recall Task. The number recall subtest of the Kaufman Assessment Battery for
Children (Kaufman & Kaufman, 1983) has been used previously as a measure of cognitive
control, an important component of EF, in 3.5-year-old children (see Leerkes, Paradise, O'Brien,
Calkins, & Lange, 2008). On each trial, the experimenter recited a series of numbers, and
children were asked immediately to repeat the numbers back in the same sequence. The strings
got progressively larger throughout the task which was terminated after three consecutive errors.
The raw score was computed as the difference between the ceiling item and the total number of
errors.
The Children's Stroop Test. In the Children's Stroop Test (Gerstadt, Hong, & Diamond, 1994),
children were shown a series of 16 cards. Half of the cards were black with yellow moons and
stars, to which children were to respond “day.” The remaining cards were white with a yellow
sun on each card, to which children were to respond “night.” Children were given two practice
trials, and then presented with the cards in a fixed order. Each child's score was the number of
correct responses to the 16 test trials.
Procedure
Children were brought into the laboratory to participate in a battery of tasks (most of which are
not presented in the current paper) that assessed cognitive and emotional development in one
session that lasted approximately 2 hr. Approximately 20 min into the session, RSA was
measured during a baseline period while children watched a non-stress inducing video (4.5 min
long). Then, approximately 25 min later, RSA was further assessed during administration of the
number recall task (typically lasting between 2 and 2.5 min), and, about 10 min after that, on the
Children's Stroop Test (typically lasting between 1 and 1.5 min).
RESULTS
The mean poverty score (M = 8.9) was used for the two children whose parents did not report
income. The poverty score correlated significantly with both the number recall test,
r(218) = .134, p = .048, and the Children's Stroop test, r(218) = .133, p = .049. For all further
analyses, the poverty score was used as a covariate.
Decreases in RSA across the two EF tasks were highly correlated, r(218) = .59, p < .001,
justifying an aggregate measure of vagal withdrawal calculated by summing the standardized
withdrawal scores. Based on these aggregate withdrawal (AW) scores, children were divided into
1 of 3 categories by identifying the lowest and highest 50 scores as extreme. Thus, the groups
were low withdrawal (n = 50, AW < −1.38), moderate withdrawal (n = 120), and high withdrawal
(n = 50, AW > 1.31).

We conducted a multivariate analysis of covariance (MANCOVA) assessing the effects of sex
and level of vagal withdrawal on both EF tasks. The analyses revealed a marginal effect of the
level of vagal withdrawal, Wilks' λ = .96, F(4, 424) = 2.1, p = .08, = .02, but no effect of sex,
Wilks' λ = .98, F(2, 212) = 1.6, p = .20, = .01, nor an interaction between the two variables,
Wilks' λ = .99, F < 1, = .01. Our primary analysis was based on our prediction that children
who engaged in moderate withdrawal would perform better than children who engaged in low or
high withdrawal. To that end, we carried out an a priori quadratic contrast (1 −2 1) for the
MANCOVA and found that children who exhibited moderate withdrawal outperformed their
peers who exhibit either high or low withdrawal, Wilks' λ = .97, F(2, 212) = 3.6, p = .03, η2 = .03
(see Fig. 1a).
Figure 1: (a) Performance on EF tasks by level of vagal withdrawal. (b) Performance on EF
tasks by level of RSA baseline. Note: For the purpose of exposition, an EF composite was
created by averaging the standardized scores of both the Stroop and number recall tests.

Similar to previous studies measuring vagal withdrawal (e.g., Calkins, 1997), we found that
baseline RSA was correlated with vagal withdrawal (using the aggregate score), r(218) = .51, p
< .001, which speaks to the interdependence of the two measures. To determine whether a linear
or nonlinear relationship existed between baseline RSA and EF performance, we also identified
the lowest 51 (due to a tie) and highest 50 scores as extreme, yielding low (n = 51), moderate
(n = 119), and high (n = 50) baseline RSA groups. The corresponding MANCOVA on both
measures of EF performance revealed a marginal effect of the level of baseline RSA, Wilks'
λ = .96, F(4,424) = 2.3, p = .06, = .02, but no effect of sex, Wilks' λ = .99, F < 1, = .01, nor an
interaction between the two variables, Wilks' λ = .99, F < 1, = .01. Importantly, though, an a

priori linear contrast (−1 0 1) revealed a significant linear relation, Wilks' λ = .96, F(2,212) = 4.4,
p = .01, η2 = .04 (see Fig. 1b).
DISCUSSION
The current study assessed the relationship between EF performance and two measures of
cardiac activity: baseline vagal tone, indicative of individuals' attentional abilities and awareness
of their environment, and vagal withdrawal, indicative of the ability to adjust to changes in the
environment. Consistent with our hypotheses, baseline vagal tone was positively associated with
performance on EF tasks at 3.5 years of age. Previous research in adults has demonstrated that
higher baseline vagal tone is associated with better attentional abilities (see Porges, 1991), which
suggests that individual differences in regular cardiac functioning is a determinant in higher
functioning processes even as young as 3.5 years of age (Porges et al., 1994). This is in line with
a number of studies that have demonstrated that high levels of baseline RSA in infancy is
predictive of measures of attention and intelligence later in life (e.g., Doussard-Roosevelt,
Porges, Scanlon, Alemi, & Scanlon, 1997; Fox & Porges, 1985). The present study expands on
this literature by demonstrating that baseline RSA measured in young children was predictive of
EF functioning within the same experimental session.
Further, we found that children who displayed moderate levels of vagal withdrawal
outperformed children who exhibited either high or low levels of withdrawal. Success on EF
tasks requires the ability to orient attention toward the relevant aspects of the stimuli, coupled
with the ability to focus attention intently (or sustain attention) in the face of distracting
information. For example, in the Children's Stroop Test, successful children must first orient
attention to the stimulus card and process the relevant details of the scene (e.g., moon and stars)
and then focus intently on the rule (e.g., say “day”) in the face of the environmental distracter
(e.g., the inclination to respond “night”). Similarly, in the number recall test, successful children
first orient attention to the orally presented stimuli, and then focus intently on repeating back the
elements in the appropriate order in the face of the distraction of having to hold the remaining
elements in mind. Consistent with polyvagal theory (Calkins, 1997; Porges et al., 1994), failure
to suppress vagal tone reflects shortcomings in the ability to orient attention to environmental
stressors, and this explains the relative disadvantage for children with low levels of withdrawal
as compared to those with moderate levels of withdrawal. In contrast, children with extremely
high amounts of vagal withdrawal may be physiologically over-aroused and this hinders their
ability to focus their attention intently in the face of distraction. This is consistent with previous
findings of the association between childhood anxiety and high amounts of vagal withdrawal
(Calkins et al., 2007).
As 3.5-year-old children are entering a developmental stage that is characterized by rapid growth
in cognitive flexibility, it would be beneficial to isolate psychophysiological causes of and
correlates with the development of this skill. Future research should concentrate on discovering
associations between vagal withdrawal and EF performance at different ages, and importantly,
whether vagal withdrawal at an early age is predictive of cognitive functioning later in
development.
In summary, the findings of the current study demonstrated a positive relationship between
baseline vagal tone and performance on cognitive tasks measuring inhibition and working

memory in children. Furthermore, this study supports the notion that those who engage in
moderate amounts of physiological regulation have better performance on measures of EF, and
that over-regulation can be maladaptive for optimal cognitive processing.
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