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Cardiovascular Regulation Profile Predicts
Developmental Trajectory of BMI and Pediatric
Obesity
Paulo A. Graziano1, Susan D. Calkins2,3, Susan P. Keane3 and Marion O’Brien2
The present study examined the role of cardiovascular regulation in predicting pediatric obesity. Participants for
this study included 268 children (141 girls) obtained from a larger ongoing longitudinal study. To assess cardiac
vagal regulation, resting measures of respiratory sinus arrhythmia (RSA) and RSA change (vagal withdrawal) to three
cognitively challenging tasks were derived when children were 5.5 years of age. Heart period (HP) and HP change
(heart rate (HR) acceleration) were also examined. Height and weight measures were collected when children were
5.5, 7.5, and 10.5 years of age. Results indicated that physiological regulation at age 5.5 was predictive of both
normal variations in BMI development and pediatric obesity at age 10.5. Specifically, children with a cardiovascular
regulation profile characterized by lower levels of RSA suppression and HP change experienced significantly greater
levels of BMI growth and were more likely to be classified as overweight/at-risk for overweight at age 10.5 compared
to children with a cardiovascular regulation profile characterized by high levels of RSA suppression and HP change.
However, a significant interaction with racial status was found suggesting that the association between cardiovascular
regulation profile and BMI growth and pediatric obesity was only significant for African-American children. An
autonomic cardiovascular regulation profile consisting of low parasympathetic activity represents a significant
individual risk factor for the development of pediatric obesity, but only for African-American children. Mechanisms by
which early physiological regulation difficulties may contribute to the development of pediatric obesity are discussed.
Obesity (2011) 19, 1818–1825. doi:10.1038/oby.2011.98

Introduction

Approximately one-third of children are overweight or obese in
the United States (1). A significant number of negative health
conditions and psychosocial difficulties have been associated
with childhood obesity (2,3). Given that pediatric obesity also
has a relatively stable course (4), it is important to identify its
early predictors. Researchers have recently acknowledged the
importance of examining an individual’s self-regulation skills
as they relate to eating and subsequent obesity (5). This recent
focus on self-regulation skills have been a result of observations that the regulation of eating, while generally operates at
an automatic level in terms of starting and stopping in response
to hunger and satiety cues, can be influenced by stress/negative
early experiences and social/emotional factors (6).
Self-regulation generally refers to an individual’s conscious
or unconscious efforts to alter his/her inner states or responses
(5,7). Within the child literature, self-regulation research has
mainly focused on children’s eating behaviors (e.g., individual
differences in energy intake) and response to satiety cues (8,9).

More recent research, however, has found that early individual differences in self-regulation outside of the context of
food/eating also relate to the development of obesity in children. For example, Graziano, Calkins, and Keane (10) found
that individual differences in toddlers’ self-regulation skills, in
particular, emotion regulation were predictive of both normal
variations in BMI development and more significant weight
problems (i.e., pediatric obesity).
It has been suggested that self-regulation deficits relate to
the development of obesity via an under activated parasympathetic branch of the autonomic nervous system, specifically
via the vagus nerve (10). The influence of the vagus nerve
on cardiac output (e.g., respiratory sinus arrhythmia (RSA)
suppression or vagal regulation) has been conceptualized as
a physiological regulation mechanism responsible for facilitating the use of metabolic resources in the service of coping
(11). The vagus nerve, however, also enervates the stomach
and has a central role in satiety and short-term regulation
of food intake (12). In fact, recent adult studies have found
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that stimulation of the vagus nerve significantly reduces food
cravings in obese adults (13).
While empirical studies find conflicting evidence on whether
lower or higher sympathetic activity is present in obese individuals (14–18), most studies that have examined autonomic
cardiovascular regulation do find a decrease in parasympathetic activity in obese adults (16–18) and in adults who
experience weight gain (19). An increase in parasympathetic
activity has also been documented in individuals that achieve
weight loss (20). However, these autonomic cardiovascular
regulation studies have focused mainly on adults and on how
chronic patterns of lowered parasympathetic activity relate to
obese individuals’ increased mortality risk via cardiovascular disease (19). It remains unclear, however, whether similar
autonomic cardiovascular regulation difficulties occur in overweight children and whether early cardiovascular regulation
difficulties can place children at an increased risk for becoming
overweight later in childhood.
Hence, the purpose of the current study was to determine
whether early individual differences in cardiovascular regulation constitute a significant risk factor for the development of
weight problems. Given the previous findings within the adult
literature suggesting a decrease in parasympathetic activity
in obese individuals (16–18), we included cardiac reactivity measures of RSA and heart period (HP). Both heart rate
(HR) variability (i.e., RSA) and HP are influenced by the vagal
system and provide measures of parasympathetic activity
(11,21). Higher levels of vagal regulation in the form of greater
decreases in RSA during demanding tasks (i.e., RSA suppression) as well as HP change (i.e., HR acceleration) have been
associated with better self-regulation skills and positive developmental outcomes (7,22,23). Subsequently, we expected that
children with a cardiovascular regulation profile of low parasympathetic activity (i.e., RSA suppression and HP change)
at age 5.5 to experience greater BMI gain and be more likely
to be classified as overweight/at-risk at age 10.5 compared to
children with a cardiovascular regulation profile of high parasympathetic activity.
Methods and Procedures
Participants
Participants for this study included 268 children (141 girls) obtained
from a larger ongoing longitudinal study which was approved by the
governing institutional review board. Four hundred and forty seven
participants were initially recruited at 2 years of age through child care
centers, the County Health Department, and the local Women, Infants,
and Children program. Further details about the recruitment may be
found elsewhere (24). The recruitment sample was diverse with 67%
of the children classified as European American, 27% were African
American, 4% were biracial, and 2% were Hispanic. At age 2, the children were primarily from intact families (77%), and families were economically diverse, with Hollingshead scores, which take into account
the families’ educational level and occupation (25), ranging from 14 to
66 (M = 39.56). Of the original 447 participants, 365 participated at 5.5
years of age assessment. There were no significant demographic differences between families who did and did not participate at 5.5 years of
age. The current study focused on a subgroup of children for whom
physiological measures were obtained at the 5.5-years of age assessment along with height/weight measurements which were obtained at
obesity | VOLUME 19 NUMBER 9 | september 2011

f ollow-up assessments when children were 7.5 and 10.5 years of age.
This subgroup of children were racially (66% white) and economically
diverse (Hollingshead scores ranging from 14 to 61, M = 40.1). There
were no significant demographic differences between this study’s sample and the original recruitment sample.
Procedures
The focus of this study involved the physiological regulation assessment
at the 5.5-year visit. Mothers accompanied their child to the laboratory
where the child was assessed using several procedures in a laboratory
playroom. The electrodes placed on the child’s chest were connected
to a preamplifier, the output of which was transmitted to a vagal tone
monitor (VTM-I, Delta Biometrics, Bethesda, MD) for R-wave detection. The vagal tone monitor displayed ongoing HR and computed and
displayed an estimate of RSA (vagal tone) every 30 s. A data file containing the interbeat intervals for the entire period of collection was
transferred to a laptop computer for later artifact editing. The onset and
end of each challenge episode was marked on the computer file of the
interbeat interval data through the use of an electronic signal controlled
by the experimenter. While connected to the HR collection equipment,
the child was observed during a multiepisode sequence derived from
the Laboratory Temperament Assessment Battery (26) and methods
used in prior work (27).
The baseline episode consisted of a 5-min segment of the videotape
“Spot,” a short story about a puppy exploring a neighborhood. Following the baseline episode, the child participated in several tasks designed
to elicit physiological stress/coping. The first task was a 6-min effortful
control task designed to assess the child’s ability to slow down gross and
fine motor activity. The child was asked to draw some shapes (circles and
stars) between boundary lines at varying speeds (regular, slow, and fast).
The next task was a 4-min effortful control task similar to a Stroop task.
The child was presented with large pictures representing large shapes
(animals, geometric figures). Within the larger pictures, smaller shapes
were depicted. In half of the trials the small shapes were consistent with
the large shape (e.g., a large cat was made up of identical smaller cats),
and in the other half the shapes were inconsistent (e.g. large circle made
up of small squares). The child was asked to identify only the smaller
shapes in the pictures presented and were instructed to answer as fast
as they could. The last episode was a 3-min attentional persistence task,
during which the child was asked to sort a large number of beads by
color and place them in a container (Laboratory Temperament Assessment Battery (26)). Several studies have shown the reproducibility and
reliability of obtaining cardiovascular regulation measures during these
Laboratory Temperament Assessment Battery tasks both within subject
and across ages (28–30).
Measures
Anthropometrics. Trained research assistants measured children’s
height and weight during their 5.5, 7.5, and 10.5-year laboratory visit.
Degree of overweight was calculated based on age norms from the
Centers for Disease Control and Prevention (31).

Physiological measures. Two types of physiological measures were
derived from the laboratory assessments: cardiac vagal regulation measures (RSA and RSA change), and HP measures (HP and HP change).
To generate measures of cardiac activity and to derive measures of
resting RSA (baseline vagal tone) and RSA suppression (baseline vagal
tone−challenge vagal tone = vagal regulation), the interbeat interval
files were edited and analyzed using MXEDIT software (Delta Biometrics, Bethesda, MD). Data files that required editing of >5% of the
data were not included in the analyses (n = 13).
Estimates of RSA were calculated using Porges’ (32) method to analyze the interbeat interval data. This method applies an algorithm to the
sequential HP data. The algorithm uses a moving 21-point polynomial
to detrend periodicities in HP slower than RSA. A band-pass filter then
extracts the variance of HP within the frequency band of spontaneous
respiration in young children, 0.24–1.04 Hz (28,29,33). The estimate of
1819
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Table 1 Descriptive statistics for 5-year RSA, RSA change, HP, and HP change
M

s.d.

Min

Max

N

Baseline RSA

6.05

1.16

3.28

9.42

268

Effortful control #1 RSA

6.06

1.13

3.09

9.09

268

Effortful control #2 RSA

5.87

1.18

3.01

8.80

268

Attentional persistence RSA

5.56

1.13

2.72

8.85

268

Effortful control #1

−0.01

0.53

−1.62

2.05

268

Effortful control #2

0.18

0.72

−2.08

2.27

268

Attentional persistence

0.49

0.75

−1.77

3.24

268

5.5-year RSA

5.5-year RSA change
a

5.5-year HP
Baseline HP

640.77a

70.22

501.90

913.56

268

Effortful control #1 HP

625.07

67.10

487.45

893.86

268

Effortful control #2 HP

622.05

64.42

489.89

862.02

268

Attentional persistence HP

595.65

59.46

473.35

798.23

268

Effortful control #1 HP

15.69

23.48

−53.60

79.90

268

Effortful control #2 HP

18.71

33.88

−75.39

174.08

268

Attentional persistence HP

45.11

35.73

−54.30

195.11

268

5.5-year HP change

HP, heart period; max, maximum; min, minimum; RSA, respiratory sinus arrhythmia.
ªPositive change scores indicate a decrease in RSA or HP from baseline to task (i.e., RSA or HP suppression).

RSA was derived by calculating the natural log of this variance and is
reported in units of ln (ms)2. HP and RSA were calculated every 30 s
for the 5-min baseline period and all other challenge episodes >3 min
in length. The mean estimate of HP and RSA of the 30-s epochs within
each episode was used in subsequent analyses. Vagal regulation scores
indexed by change scores were computed for each challenge episode by
subtracting the challenge episode RSA from the baseline RSA. Consistent
with previous research methodology (28–30,33), positive change scores
indicate a decrease in RSA from baseline to task (i.e., RSA suppression or
vagal withdrawal). Likewise, HP change scores were calculated by subtracting the challenge episode HP from baseline HP.
Data analytic strategy
First, preliminary analyses (descriptive statistics/data reduction) were
computed. Next, growth curve analyses were conducted to examine
the trajectory of children’s BMI across early childhood using hierarchical linear modeling (34). An advantage of growth curve modeling and
hierarchical linear modeling is the ability to account for missing data
longitudinally (32). In the current study, 167 children had physiological
data along with BMI data across all visits, 72 children had physiological data along with BMI data across two time points, and 29 children
had physiological data along with BMI data across only one time point.
Thus, a total of 268 children (141 girls), who had physiological data
with at least one wave of BMI data, were included in the analyses. There
were no significant demographic differences between children who
had physiological data and provided one, two, or three waves of BMI
data. Additionally, there were no significant demographic differences
between this study’s sample and the original recruitment sample. See
Supplementary Appendix 1 online for more details on the procedures
employed for the hierarchical linear modeling analyses.
Based on our hypotheses, we expected: (i) growth in BMI across time
as evidenced by a significant Unconditional Growth Model and (ii) that
children with a cardiovascular regulation profile of low parasympathetic
activity (i.e., RSA suppression and HP change) at age 5.5 would have
higher initial levels of BMI at age 5.5, as evidenced by a significant initial
1820

status effect, and would experience greater BMI gain over time as evidenced by a significant slope effect compared to children with a cardiovascular regulation profile of high parasympathetic activity.
Results
Preliminary analyses
Descriptive statistics. Descriptive statistics for the study vari-

ables are presented in Tables 1, 2, and 3. Preliminary analyses
found no significant associations between demographic variables and the 5.5-year physiological measures of baseline and
task RSA and HP. In terms of the anthropometric data, AfricanAmerican children had greater levels of BMI across the 5.5-year,
(M = 16.82, s.d. = 0.35, P < 0.08) 7.5-year (M = 18.58, s.d. =.43,
P < 0.01), and 10.5-year (M = 22.04, s.d. = 0.63, P < 0.001) visits
compared to white children (M = 16.10, s.d. = 0.22, M = 17.11,
s.d. = 0.27, and M = 19.63, s.d. = 0.39, respectively).
Data reduction: cardiovascular regulation profile. To generate pro-

files of children’s physiological regulation abilities, two-step cluster analysis was performed on the measures of RSA suppression
and HP change across the three cognitive tasks. In this statistical method, original cases are first grouped into preclusters that
are then used instead of the raw data in the hierarchical clustering. Using an Euclidean distance measure, each successive
case is then either merged into an existing precluster or added
to form a new precluster. In the second step, the preclusters are
grouped using the standard agglomerative clustering algorithm
which produces a range of solutions. Lastly, on the basis of the
Bayesian Information Criterion, an optimal number of clusters
are identified (33). The auto-clustering algorithm indicated that
VOLUME 19 NUMBER 9 | september 2011 | www.obesityjournal.org

articles
Pediatric Obesity
Table 2 Descriptive statistics for BMI variables
Min

Table 3 Physiological regulation profiles

M

s.d.

Max

Height in inches (L)

46.06

2.46

36

57

274

Weight in pounds (L)

49.63

9.77

32

116

274

BMI (L)

16.38

2.43

12.20

High
cardiovascular
regulation
(n = 95)

N

5.5-year measures

27.45

274

7.5-year measures

Low
cardiovascular
regulation
(n = 173)

Sex
Male

54

73

Female

41

100

Height in inches (L)

51.09

2.61

45

63

224

Weight in pounds (L)

65.48

15.00

36

116

224

White

66

121

BMI (L)

17.51

3.09

10.63

29.56

224

African American

29

52

Height in inches (L)

58.03

3.10

50

69

211

Weight in pounds (L)

99.19

30.06

56

270

211

BMI (L)

20.44

4.75

211

Race

5.5-year RSA change

10.5-year measures

13.25

39.87

L, laboratory measure; max, maximum; min, minimum.

a two-cluster solution was the best model. Means and standard
deviations for the two clusters are presented in Table 3. The first
cluster was labeled High Cardiovascular Regulation (n = 95)
as it was characterized by both high RSA suppression and HP
change scores while the second cluster was referred to as Low
Cardiovascular Regulation (n = 173) as it was characterized by
low RSA suppression and low HP change scores. No significant
differences among the clusters were found in terms of any demographic variables.

Effortful control #1

0.42a (0.41)

−0.24 (0.44)

Effortful control #2

0.70 (0.68)

−0.10 (0.57)

Attentional persistence

1.07 (0.61)

0.17 (0.62)

Effortful control #1 HP

36.58 (18.58)

4.22 (17.14)

Effortful control #2 HP

44.46 (31.33)

4.58 (26.05)

Attentional persistence HP

73.59 (31.07)

29.47 (27.58)

5.5-year HP change

Values enclosed in parentheses represent standard deviations.
HP, heart period; RSA, respiratory sinus arrhythmia.
ªPositive change scores indicate a decrease in RSA or HP from baseline to task
(i.e., RSA or HP suppression).

can be used. The reduction in deviance due to the addition
of time was statistically significant (χ2(3) = 4459–3902 = 557,
P < 0.001).

Hierarchical linear modeling for BMI

The unconditional means model and unconditional growth
model for children’s BMI are presented as Models A and B in
Tables 4 and 5. As indicated in Model A, the grand mean or
fixed effect (Table 4) for BMI is significantly different from zero
along with the estimated within-person variances (Table 5).
The dependent variable also had significant between-person
variances (Table 5) that differed from zero, indicating significant individual differences in average BMI. Because both
variance components were not zero, additional predictors may
improve model fit. The unconditional growth model in Model
B shows that both initial status and slope were significantly different from zero (Table 4). Graphically depicted in Figure 1, it
is estimated that the average child has a BMI of 16.17 at 5.5years with a significant increase in BMI of 0.07 per month. Not
surprisingly, this indicates that children’s BMI show a significant increase from age 5.5 to 10.5. Moreover, 70% of withinperson variation in BMI is explained by age. However, as seen
in Figure 1, there is significant variability in children’s BMI
development. Further examination of the significant Level-2
residual variances (Table 5) for BMI, which summarize the
between-person variability in initial status and rate of change,
indicate that additional Level-2 predictors may improve model
fit. Additionally, to determine whether the addition of time as
a Level-1 predictor improved the model, the fit statistics were
compared. Because the unconditional means model is nested
within the unconditional growth model, the deviance statistic
obesity | VOLUME 19 NUMBER 9 | september 2011

Predicting BMI growth

A series of models were examined to determine the extent
to which demographic variables and children’s physiological regulation profile predicted initial levels of BMI and
BMI growth over time. No initial status or slope effects were
observed in regards to sex, socioeconomic level, or maternal
education. However, as seen in Table 4, the final mode (D)
revealed a significant interaction between children’s cardiovascular regulation profile and children’s racial status in predicting BMI growth.
As seen in Table 5, comparison of the goodness-of-fit statistics between the final model that included cardiovascular regulation profile, racial status, and their interaction (Model D) and
Model B (unconditional growth model) revealed a lower Akaike
Information Criterion and Bayesian Information Criterion statistic suggesting a better fit. Thus, the best fitting model for the
prediction of children’s BMI growth was Model D.
Prototypical plot for BMI

Figure 2 illustrates the interaction between racial status and cardiovascular regulation profile on BMI growth. These plots were
created using the equation from Model D (Table 4). Racial status and cardiovascular regulation profiles were dummy coded
(1 = white, 2 = African-American and 1 = high cardiovascular regulation, 2 = low cardiovascular regulation). The graph
shows that the effect of cardiovascular regulation profiles on
1821
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Table 4 Results of best fitting hierarchical linear models for change in BMI from 5.5 to 10.5 years of age (N = 268)
Fixed effects

Par

Model A (UMM)

Model B (UGM)

Model C

Model D

Intercept

γ00

17.95*** (0.17)

Racial status

γ01

15.02*** (0.66)

13.72*** (1.55)

0.61 (0.32)

1.60 (1.12)

Cardiovascular regulation profile

γ02

0.26 (0.30)

Racial status × cardiovascular
regulation profile

γ03

Initial status Π0i
16.17*** (0.13)

1.05 (0.91)
−0.60 (0.66)

Slope Π1i (age)
Intercept

γ10

0.01 (0.02)

0.13** (0.04)

Racial status

γ11

0.03** (0.01)

−0.07* (0.03)

Cardiovascular regulation profile

γ12

0.02* (0.01)

−0.05* (0.03)

Racial status × cardiovascular
regulation profile

γ13

0.07*** (0.004)

0.06** (0.02)

UGM, unconditional growth model; UMM, unconditional means model.
*P < 0.05, **P < 0.01, ***P < 0.001.

Table 5 Variance components and fit statistics for hierarchical linear modeling models for change in BMI from 5.5 to 10.5 years
of age (N = 268)
Par

Model A (UMM)

Model B (UGM)

Model C

Model D

σ²e

9.36*** (0.59)

2.88*** (0.27)

2.96*** (0.30)

2.96*** (0.30)

   In initial status

σ²0

5.66*** (0.77)

   In slope (age)

σ²1

Random effects (variance components)
Level 1
   Within person
Level 2
3.12*** (0.48)

3.13*** (0.52)

3.09*** (0.52)

0.002*** (0.00)

0.002*** (0.00)

0.002*** (0.00)

Fit statistics
Deviance

4,459.44

3,902.28

3,191.16

3,181.33

AIC

4,465.44

3,914.28

3,211.50

3,205.33

BIC

4,479.57

3,942.49

3,256.21

3,259.38

AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; UGM, unconditional growth model; UMM, unconditional means model.
*P < 0.05, **P < 0.01, ***P < 0.001.

BMI growth was particularly important for African-American
children. This indicates that African-American children who
had a low cardiovascular regulation profile at age 5.5 had significantly greater levels of BMI growth compared to AfricanAmerican children who had a high cardiovascular regulation
profile and white children.
Cardiovascular regulation profile as a predictor
of pediatric obesity

It was also important to determine whether the cardiovascular regulation profile can differentially predict which children
develop more significant weight problems at 10.5 years of age.
Hence, based on Centers for Disease Control and Prevention
age norms (31), children whose BMI were in the 85th percentile
or greater were classified as overweight/at-risk for overweight
(n = 80) while children between the 6th and 84th percentile were classified as normal (n = 114). Five children had a
BMI <6th percentile and were excluded from the analyses.
As expected the overweight/at-risk group had a significantly
1822

higher BMI (M = 25.08, s.d. = 3.99) compared to the normal
group (M = 17.47, s.d. = 1.57), P < 0.001. Children in the overweight/at-risk group and children in the normal weight group
did not significantly differ on any demographic variable.
Logistic regressions following the general model were conducted to determine whether children’s cardiovascular regulation profile at age 5.5 predicted weight status at age 10.5.
Following the hierarchical linear modeling finding indicating
an interaction between cardiovascular regulation profile and
racial status, separate analyses were conducted for AfricanAmerican children and white children. Results indicated that
cardiovascular regulation profile did not significantly predict
weight status for white children (odds ratio = 0.92 (0.39–2.18),
P = 0.85); however, cardiovascular regulation profile did predict later weight status for African-American children (odds
ratio = 7.03 (1.35–36.64), P = 0.02, d = 1.08), even after controlling for 5.5 year BMI. Hence, African-American children who
had a low cardiovascular regulation profile at age 5.5 were over
seven times more likely to be classified as overweight/at-risk
VOLUME 19 NUMBER 9 | september 2011 | www.obesityjournal.org
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for overweight at age 10.5 compared to African-American
children who had a high cardiovascular regulation profile at
age 5.5.
Discussion

The purpose of this study was to determine whether early individual differences in cardiovascular regulation constitute significant risk factors for the development of weight problems in
children. Our rationale for creating cardiovascular regulation
profiles that included both HP and RSA reactivity measures
came from prior research within the adult literature that suggested a decrease in parasympathetic activity in obese individuals (16–18). Given our self-regulation framework and interest
in examining individual differences in physiological regulation,
it was important to examine change in these cardiac measures
during challenging situations where coping or emotional and
35

30

BMI

25

20

15

10
5.5 years

7.5 years

10.5 years

Figure 1 Unconditional growth model. Grey lines indicate individual
growth trajectories using ordinary least squares (47). Black line depicts
average growth trajectory.

cognitive regulation is required (7,11). Children with a cardiovascular regulation profile of low parasympathetic activity
at age 5.5 experienced greater BMI gain and were more likely
to be classified as overweight/at-risk at age 10.5 compared to
children with a cardiovascular regulation profile of high parasympathetic activity.
Previous autonomic cardiovascular regulation studies
focused mainly on adults and on how chronic patterns of
lowered parasympathetic activity relate to obese individuals’
increased mortality risk via cardiovascular disease (18,19). Our
current findings extend this link to the child population and
suggest that poor cardiovascular regulation may be an important risk factor for the development of obesity and not merely
a consequence of it. Although the current study cannot fully
address the mechanisms by which poor cardiovascular regulation contribute to obesity, recent studies have suggested an
important link in terms of its effects on self-regulation skills.
For example, there is a substantial literature linking children’s
cardiovascular regulation, in particular vagal regulation (i.e.,
RSA suppression), to better self-regulation skills and adaptive
functioning (7,23). Self-regulation/executive functioning deficits in overweight/obese individuals have also been recently
documented within the adult (35), adolescent (36), and child
literature (10,37,38). For example, a recent longitudinal study
found that individual differences in toddler’s self-regulation
skills, in particular emotion regulation, were predictive of both
normal variations in BMI development and pediatric obesity
(10). Our findings extend this research literature by highlighting a potential biological mechanism (i.e., cardiovascular regulation) by which self-regulation skills relate to weight gain.
Given the role of the vagus nerve in modulating satiety and
short-term regulation of food intake (12), it is also possible
that children with lower cardiovascular regulation end up
overeating due to inaccurate feelings of hunger and not necessarily due to impulsive or emotional eating. Recent adult studies have found that stimulation of the vagus nerve significantly
reduces food cravings in obese adults (13). It remains unclear
whether stimulation of the vagus nerve in children would have

26

24

White/high
physiological regulation

20

White/low
physiological regulation

18

African American/high
physiological regulation

BMI

22

16

African American/low
physiological regulation

14

12
5.5 years

7.5 years

10.5 years

Figure 2 Protypical plot of the interaction between racial status and cardiovascular regulation profile in predicting BMI growth.
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a similar effect, although future research may be able to investigate whether improvements in children’s vagal regulation
overtime relate to changes in children’s eating behaviors and
satiety.
It is important to note that a significant interaction emerged
between cardiovascular regulation profile and children’s
racial status such that the effect of physiological dysregulation on BMI and pediatric obesity was primarily found for
African-American children. Higher obesity rates have been
documented in ethnic minority groups as well as in families of
lower economic backgrounds (39). In terms of cardiovascular
functioning, minority groups, especially African American,
have been shown to have higher rates of hypertension and
cardiovascular disease (40). Some studies have also found that
African-American adults display lower cardiac autonomic
regulation compared to white adults (41,42). However, unlike
our study, these studies did not measure cardiovascular regulation as it relates to modulating stress reactivity (e.g., participants were asked to sit quietly without moving/talking).
Consistent with previous physiological regulation research in
the child development literature (28–30,43), we did not find
any racial differences in terms of children’s cardiovascular
regulation capabilities during challenging tasks. Rather, it was
the link between such regulation capabilities and the development of weight problems that was more prominent in AfricanAmerican children. It will be essential for future research to
investigate why this link was stronger for African-American
children.
In terms of this study’s limitations, we did not have information on children’s eating behaviors as this was not the primary aim of the study design. Future research should examine
whether individual differences in cardiovascular regulation
relate to observable differences in children’s eating behaviors.
While there is a well-established literature linking cardiovascular regulation and observable self-regulation behaviors (7),
it will also be important for future research to determine the
associations between eating behaviors and observable selfregulation measures (e.g., behavioral impulsivity) in order
to clarify the mechanisms by which cardiovascular regulation contributes to pediatric obesity. It is also important to
acknowledge that we did not have data on children’s level of
physical activity which not only contributes to obesity (44,45)
but has also been shown to affect autonomic function (46).
Hence, future research should examine whether the association we found between cardiovascular regulation and obesity remains significant after accounting for children’s physical
activity levels. Furthermore, our cardiac reactivity measures
primarily indexed parasympathetic activity. Given the mixed
findings in the adult literature concerning whether higher or
lower levels of sympathetic activity relate to obesity (14–18),
it will be important for future child research to measure more
specific sympathetic linked cardiac activity such as pre-ejection
periods. Lastly, it is important to point out that despite our longitudinal design and use of hierarchical linear modeling, we
cannot affirm a causal link between children’s cardiovascular
regulation and the development of obesity. In particular, it will
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be important for future research to determine whether changes
in children’s cardiovascular regulation across time map onto
changes in BMI. In other words, do children with initial cardiovascular regulation difficulties who become obese continue to
show impaired cardiovascular functioning? Despite these limitations, our results do provide initial evidence for the importance of examining children’s physiological regulation skills as
it relates to the development of obesity, especially for AfricanAmerican children. This represents one of the first pediatric
studies to identify cardiovascular regulation, as it relates to
modulating stress reactivity, as a biological risk factor in the
development of pediatric obesity. While there is significant
research still to be conducted before any practical applications
emerge, there may be a time when treatment interventions can
target children’s physiological regulation in order to minimize
its influence on weight gain.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/oby

Acknowledgments
This research was supported by National Institute of Mental Health awards
(MH 55625 and MH 55584) to the second author and an NIMH award (MH
58144) to the second, third, and fourth authors. The authors would like
to thank Kathryn Degnan, Louise Berdan, David Topor, Rachael Reavis,
and Caitlin Stone for their help in subject recruitment, data collection, and
coding. The authors also thank the families who generously gave their time
to participate in the study.

Disclosure
The authors declared no conflict of interest.
© 2011 The Obesity Society

REFERENCES
1.

Ogden CL, Carroll MD, Flegal KM. High body mass index for age among US
children and adolescents, 2003-2006. JAMA 2008;299:2401–2405.
2. Zametkin AJ, Zoon CK, Klein HW, Munson S. Psychiatric aspects of child
and adolescent obesity: a review of the past 10 years. J Am Acad Child
Adolesc Psychiatry 2004;43:134–150.
3. Janicke DM, Marciel KK, Ingerski LM et al. Impact of psychosocial factors
on quality of life in overweight youth. Obesity (Silver Spring) 2007;15:1799–1807.
4. Parsons TJ, Power C, Logan S, Summerbell CD. Childhood predictors of
adult obesity: a systematic review. Int J Obes Relat Metab Disord 1999;23
Suppl 8:S1–107.
5. Baumeister R, Vohs K. Handbook Of Self-Regulation: Research, Theory, and
Applications. Guilford Press: New York, NY, 2004.
6. Herman C, Polivy J. The self-regulation of eating: Theoretical and practical
problems. In: Baumeister R, Vohs K (eds). Handbook of Self-Regulation:
Research, Theory, and Applications. Guilford Press: New York, NY, 2004,
pp 492–508.
7. Calkins S. The emergence of self-regulation: Biological and behavioral
control mechanisms supporting toddler competencies. In: Brownell C,
Kopp C (eds). Socioemotional Development in the Toddler Years. The
Guilford Press: New York, 2007, pp 261–284.
8. Birch LL, Deysher M. Caloric compensation and sensory specific satiety:
evidence for self regulation of food intake by young children. Appetite
1986;7:323–331.
9. Johnson SL, Birch LL. Parents’ and children’s adiposity and eating style.
Pediatrics 1994;94:653–661.
10. Graziano PA, Calkins SD, Keane SP. Toddler self-regulation skills predict risk
for pediatric obesity. Int J Obes (Lond) 2010;34:633–641.
11. Porges SW. The polyvagal perspective. Biol Psychol 2007;74:116–143.
12. Smith GP, Jerome C, Cushin BJ, Eterno R, Simansky KJ. Abdominal
vagotomy blocks the satiety effect of cholecystokinin in the rat. Science
1981;213:1036–1037.
VOLUME 19 NUMBER 9 | september 2011 | www.obesityjournal.org

articles
Pediatric Obesity
13. Bodenlos JS, Kose S, Borckardt JJ et al. Vagus nerve stimulation acutely
alters food craving in adults with depression. Appetite 2007;48:145–153.
14. Grassi G, Seravalle G, Cattaneo BM et al. Sympathetic activation in obese
normotensive subjects. Hypertension 1995;25:560–563.
15. Alvarez GE, Beske SD, Ballard TP, Davy KP. Sympathetic neural activation in
visceral obesity. Circulation 2002;106:2533–2536.
16. Rossi M, Marti G, Ricordi L et al. Cardiac autonomic dysfunction in obese
subjects. Clin Sci 1989;76:567–572.
17. Piccirillo G, Vetta F, Fimognari FL et al. Power spectral analysis of heart rate
variability in obese subjects: evidence of decreased cardiac sympathetic
responsiveness. Int J Obes Relat Metab Disord 1996;20:825–829.
18. Masi CM, Hawkley LC, Rickett EM, Cacioppo JT. Respiratory sinus
arrhythmia and diseases of aging: obesity, diabetes mellitus, and
hypertension. Biol Psychol 2007;74:212–223.
19. Laederach-Hofmann K, Mussgay L, Rúddel H. Autonomic cardiovascular
regulation in obesity. J Endocrinol 2000;164:59–66.
20. Aronne L, Machintosh R, Rosenbaum M, Leibel R, Hirsh J. Cardiac
autonomic nervous system activity in obese and never-obese young men.
Obes Res 1997;5:354–359.
21. Kollai M, Jokkel G, Bonyhay I, Tomcsanyi J, Naszlady A. Relation between
baroreflex sensitivity and cardiac vagal tone in humans. Am J Physiol
1994;266:H21–H27.
22. El-Sheikh M, Kouros CD, Erath S et al. Marital conflict and children’s
externalizing behavior: interactions between parasympathetic and sympathetic
nervous system activity. Monogr Soc Res Child Dev 2009;74:vii, 1–vii,79.
23. Beauchaine TP, Gatzke-Kopp L, Mead HK. Polyvagal Theory and
developmental psychopathology: emotion dysregulation and conduct
problems from preschool to adolescence. Biol Psychol 2007;74:174–184.
24. Smith CL, Calkins SD, Keane SP, Anastopoulos AD, Shelton TL. Predicting
stability and change in toddler behavior problems: contributions of maternal
behavior and child gender. Dev Psychol 2004;40:29–42.
25. Hollingshead A. Four Factor Index of Social Status. Yale University Press:
New Haven, CT, 1975.
26. Goldsmith HH, Rothbart, MK. The Laboratory Temperament Assessment
Battery (LAB-TAB). University of Wisconsin: Madison, 1993.
27. Kochanska G, Murray K, Coy KC. Inhibitory control as a contributor to
conscience in childhood: from toddler to early school age. Child Dev
1997;68:263–277.
28. Suess PE, Porges SW, Plude DJ. Cardiac vagal tone and sustained attention
in school-age children. Psychophysiology 1994;31:17–22.
29. Calkins SD, Keane SP. Cardiac vagal regulation across the preschool
period: stability, continuity, and implications for childhood adjustment. Dev
Psychobiol 2004;45:101–112.
30. Calkins SD, Graziano PA, Berdan LE, Keane SP, Degnan KA. Predicting
cardiac vagal regulation in early childhood from maternal-child relationship
quality during toddlerhood. Dev Psychobiol 2008;50:751–766.

obesity | VOLUME 19 NUMBER 9 | september 2011

31. Kuczmarski R, Ogden C, Guo S, et al. CDC Growth Charts for the United
States: Methods and Development. Vital Health Statistics. Series 11,
vol. 246. National Center for Health Statistics: Hyattsville, MD, 2002,
pp 1–90.
32. Porges S. Method and apparatus for evaluating rhythmic oscillations in
aperiodic physiological response systems. US patent 4,510,944 (1985).
33. Porges SW, Doussard-Roosevelt JA, Portales AL, Greenspan SI.
Infant regulation of the vagal “brake” predicts child behavior problems:
a psychobiological model of social behavior. Dev Psychobiol 1996;29:
697–712.
34. Raudenbush S, Bryk A. Hierarchical Linear Models: Applications and Data
Analysis Methods. 2nd edn. Sage: Newbury Park, CA, 2002.
35. Boeka AG, Lokken KL. Neuropsychological performance of a clinical
sample of extremely obese individuals. Arch Clin Neuropsychol
2008;23:467–474.
36. Whiteside U, Chen E, Neighbors C et al. Difficulties regulating emotions: Do
binge eaters have fewer strategies to modulate and tolerate negative affect?
Eat Behav 2007;8:162–169.
37. Cserjési R, Molnár D, Luminet O, Lénárd L. Is there any relationship between
obesity and mental flexibility in children? Appetite 2007;49:675–678.
38. Nederkoorn C, Braet C, Van Eijs Y, Tanghe A, Jansen A. Why obese children
cannot resist food: the role of impulsivity. Eat Behav 2006;7:315–322.
39. Ogden CL, Flegal KM, Carroll MD, Johnson CL. Prevalence and trends
in overweight among US children and adolescents, 1999-2000. JAMA
2002;288:1728–1732.
40. Cossrow N, Falkner B. Race/ethnic issues in obesity and obesity-related
comorbidities. J Clin Endocrinol Metab 2004;89:2590–2594.
41. Sloan RP, Huang MH, McCreath H et al. Cardiac autonomic control and
the effects of age, race, and sex: the CARDIA study. Auton Neurosci
2008;139:78–85.
42. Lampert R, Ickovics J, Horwitz R, Lee F. Depressed autonomic nervous
system function in African Americans and individuals of lower social class:
a potential mechanism of race- and class-related disparities in health
outcomes. Am Heart J 2005;150:153–160.
43. Stifter C, Corey J. Vagal regulation and observed social behavior in infancy.
Soc Dev 2001;10:189–201.
44. Tremblay MS, Willms JD. Is the Canadian childhood obesity epidemic related
to physical inactivity? Int J Obes Relat Metab Disord 2003;27:1100–1105.
45. Andersen RE, Crespo CJ, Bartlett SJ, Cheskin LJ, Pratt M. Relationship
of physical activity and television watching with body weight and level of
fatness among children: results from the Third National Health and Nutrition
Examination Survey. JAMA 1998;279:938–942.
46. Gutin B, Owens S, Slavens G, Riggs S, Treiber F. Effect of physical training
on heart-period variability in obese children. J Pediatr 1997;130:938–943.
47. Singer J, Willet J. Applied Longitudinal Data Analysis. Oxford University
Press: New York, 2003.

1825

