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Abstract

Childhood obesity rates have risen dramatically over the past few decades. Although obesity has
been linked to poorer neurocognitive functioning in adults, much less is known about this
relationship in children and adolescents. Therefore, we conducted a systematic review to examine
the relationship between obesity and obesity-related behaviors with neurocognitive functioning in
youth. We reviewed articles from 1976 to 2013 using PsycInfo, PubMed, Medline and Google
Scholar. Search terms included cognitive function, neurocognitive function/performance,
executive function, impulsivity, self-regulation, effortful control, cognitive control, inhibition,
delayed gratification, memory, attention, language, motor, visuo-spatial, academic achievement,
obesity, overweight, body mass index, waist-hip ratio, adiposity and body fat. Articles were
excluded if participants had health problems known to affect cognitive functioning, the study used
imaging as the only outcome measure, they were non-peer-reviewed dissertations, theses, review
papers, commentaries, or they were non-English articles. Sixty-seven studies met inclusion criteria
for this review. Overall, we found data that support a negative relationship between obesity and
various aspects of neurocognitive functioning, such as executive functioning, attention, visuo-
spatial performance, and motor skill. The existing literature is mixed on the effects among obesity,
general cognitive functioning, language, learning, memory, and academic achievement. Executive
dysfunction is associated with obesity-related behaviors, such as increased intake, disinhibited
eating, and less physical activity. Physical activity is positively linked with motor skill. More
longitudinal research is needed to determine the directionality of such relationships, to point
towards crucial intervention time periods in the development of children, and to inform effective
treatment programs.
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INTRODUCTION

Obesity is an epidemic that affects individuals worldwide and is associated with negative
health sequelae such as hypertension, diabetes, and certain cancers,1=3 and increasing health
care costs.* The prevalence of overweight and obesity in children in the United States is
currently 31%.° Specifically, the prevalence of obesity has increased from 13.7% of children
and 11.5% of adolescents in the 1988—1994 period® to 17.1% of children and adolescents by
the year 2010.% Moreover, research shows that children who are overweight are more likely
to remain overweight as adults.” These alarming statistics support the necessity for effective
interventions to target obesity in children, and to look beyond basic nutrition and physical
activity recommendations.

Family-based behavioral treatment (FBT) for childhood obesity typically results in weight
loss in the participating child;® however, data on the long-term outcomes and maintenance
of these programs show that only one-third of participating children are a healthy weight in
adulthood.® Thus, two-thirds of children who participate in FBT do not respond as
favorably. More research is needed to understand why certain children are successful in
these programs and others are not, with the goal of helping to reduce the burden of obesity.

Neurocognitive functioning, which influences cognitions, emotions, and behaviors linked to
obesity, may be an important, yet under-emphasized factor, in informing existing and future
weight-loss interventions. While limited research has emerged examining differences in
neurocognitive functioning between obese versus non-obese youth, only a few studies have
explored how neurocognitive factors relate to behaviors that promote weight gain.10-12 It is
possible that obesity-related behaviors, such as food intake and physical activity, may play a
role in the relationship between neurocognitive functioning and weight (see Figure 1);
however, no prior research has systematically examined this. Increasing our knowledge base
of whether neurocognitive functioning is associated with obesity and obesity-related
behaviors in children and adolescents could better inform treatment development, render
more effective and tailored interventions, improve success in treatment, and reduce dropout
rate in weight-loss interventions.13 In addition, intervening earlier in a child’s development
may lead to greater success in reducing weight gain and preventing obesity later in
adulthood.

This review seeks to evaluate the state of the current evidence, to identify gaps in the
literature, and to provide recommendations for future research and treatment development
for overweight and obese youth. The specific goal of the current paper is to address the
following question: Is there a relationship between various aspects of neurocognitive
functioning, obesity, and obesity-related behaviors in youth (e.g., overeating, reduced
physical activity, greater consumption of calorically dense foods)? We hypothesize that
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neurocognitive functioning will be negatively correlated with obesity and obesity-related
behaviors in children and adolescents.

MATERIALS AND METHODS

Acrticles from 1976 to 2013 were reviewed (no studies meeting inclusion criteria prior to
1976 were found). Inclusion criteria were empirical research that examined the relationship
between a) at least one measure of neurocognitive functioning and b) at least one measure of
obesity or weight, or at least one measure of an obesity-related behavior. Measures of
cognitive functioning were based on neuropsychological tests, self-report measures, or
performance-based tasks.

Searches were performed on the following databases: Psyclnfo, PubMed, Medline, EBSCO,
and GoogleScholar. Studies with participants of all body mass index (BMI) levels and that
included participants ages 18 and under were included. Search terms included cognitive
function, neurocognitive function/performance, executive function, impulsivity, self-
regulation, effortful control, cognitive control, inhibition, delayed gratification, memory,
attention, language, motor, visuo-spatial, academic, obesity, overweight, BMI, waist-hip
ratio, waist circumference (WC) adiposity, body fat, physical activity, sedentary activity,
overeating, and fruit/vegetable intake. Articles that did not meet criteria were excluded for
the following reasons: (1) The study had participants with health conditions that could
influence their neurocognitive performance, for example, diabetes, hypertension, intellectual
or developmental disability (mental retardation, Down’s syndrome), eating disorder. If a
study included participants with and without these conditions, only results from participants
without the conditions were reported. (2) The study used imaging as the only measure of
neurocognitive functioning. If studies include both imaging results and neurocognitive tests,
only results from neurocognitive tests were reported. Imaging studies were excluded
because the significant difference in methodology between imaging studies and those using
neuropsychological testing or self-report measures would make it difficult to compare and
contrast the findings; it would be challenging to determine whether or not to attribute
discrepancies in findings to differences in methodology. Furthermore, two recently
published papers have already reviewed studies using brain imaging to assess brain
functioning in relation to obesity in children and adults (see Bruce et al.14; Carnell et al.15).
(3) Non-English articles, dissertations and theses, commentaries and review papers. The
authors are English-speaking only, and due to the language barrier, we could only include
articles in English. Out of the 158 identified articles, 67 met criteria for inclusion.

The presentation of the following literature is organized into two main parts: part |—
neurocognitive functioning and obesity and Part Il—neurocognitive functioning and obesity-
related behaviors. In part I, we present the literature on obesity and different areas of
neurocognitive functioning: general intellectual/cognitive functioning, executive
functioning, memory, attention, language, visuo-spatial ability, motor skills and academic
achievement. Although these areas of neurocognitive functioning have widely-varied
definitions, we have operationalized the terms in Table 1. In part Il, we present the literature
on obesity-related behaviors and the areas of neurocognitive functioning where research is
available, using the same definitions as stated in Table 1. A summary of the studies
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reviewed is presented in Table 2 (studies examining the relationship between obesity and
neurocognitive functioning) and Table 3 (studies examining the relationship between
obesity-related behaviors and neurocognitive functioning).

RESULTS

Part I: neurocognitive functioning and obesity

General intellectual/cognitive functioning—Four studies demonstrated a negative
relationship between general cognitive functioning and weight. In cross-sectional studies
comparing overweight or obese children and adolescents with healthy weight participants,
global functioning, performance on tests of cognitive ability, and estimated full scale 1Q
were lower in overweight or obese youth than healthy weight youth.16:17 Within a sample of
overweight, sedentary youth, BMI z-score, WC, percent body fat, visceral fat and abdominal
fat were all negatively correlated with cognitive ability.1® In a longitudinal study, general
cognitive ability (measuring verbal and nonverbal abilities) during childhood predicted a
lower likelihood of obesity during adulthood.1?

On the other hand, a few studies found no relationship between general cognitive ability and
weight. Obese preschool children performed similarly to non-obese children on a test battery
measuring cognitive development.20 Other studies have shown no relationship between
BMI, intelligence and cognitive performance in children and adolescents.?1:22

Executive functioning

General executive function: Overweight children have been found to have poorer
executive control than healthy weight children,23 and obese children have twice the rate of
executive dysfunction as the normative population.24 In an intervention for overweight and
obese adolescents, improvements in executive function skill were related to weight loss,2>
suggesting that executive function can improve and have positive implications for reducing
weight.

Inhibition: Numerous studies supported a negative correlation between weight and
inhibition, from preschool age to adolescence.1723:26-28 Children who were the least
effective in inhibiting responses on the Stop Task lost less weight in the treatment
program.13 Obese adolescents (BMI >99%) had decreased performance on tests of attention
compared with normative data.2® Overweight children had more difficulty with inhibition
and displayed less effective inhibition strategies (for example, looking at and touching the
reward) than healthy weight children, more so for food than non-food cues.30:31 Poor self-
regulation skills (both behavioral and emotional) in toddlers at age two were predictive of
increased risk for being overweight or obese at age five.32 Only one study failed to show a
difference between obese and overweight children on response inhibition.33 It is possible
that this 1983 study used a laboratory paradigm (a free-access to food task) to measure
inhibition that was remarkably different from the more recent studies that used cognitive
tasks (such as the Stop Task and Stroop Test) as measures of inhibition.
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Impulsivity: Four studies supported a positive association between impulsivity and weight,
whereas the rest of the studies found no relationship or an opposite effect. In treatment
programs for weight loss, impulsivity was positively associated with being more
overweight!3 at baseline and losing less weight after treatment.34-36 Contrarily, no
difference was found between overweight and healthy weight children and adolescents on
impulsivity scores (based on self-report personality measures).2”37 An unexpected effect
was also shown in a study with adolescents, such that higher impulsivity was associated with
greater weight loss in a behavioral weight loss program.38 Of note, it is possible that the
results from these studies varied by the type of measure used. These inconsistent findings
may be related to the design of assessment measures (laboratory paradigms versus self-
report personality measures), developmental age (children versus adolescents) or population
characteristics (treatment versus non-treatment seeking).

Mental flexibility and set-shifting: Evidence supports an inverse association between
overweight or obese status and performance on mental flexibility, set-shifting, and verbal
fluency in children and adolescents.17:27:36:39 Opese adolescents had lower performance
compared with normative data on tests of mental flexibility.2% However, one study found
that BMI did not relate to set-shifting performance in children and adolescents,?! and no
differences were found between obese and healthy weight boys on tests of verbal fluency.3°

Planning, decision-making, delayed gratification, sensitivity to reward and reasoning:
Obese children had more difficulty than healthy weight children with delay of gratification,
both for food rewards,*? general rewards (both edible and non-edible),*! and non-food
rewards.#2 Upon examining the ability to delay gratification longitudinally, children who
demonstrated low delay of gratification and low self-control at age 3 had significantly more
rapid gains in BMI from age 3-12 compared with children who had high delay of
gratification and self-control.*3 Similarly, children who failed the ability to delay
gratification task at age 4 were 1.3 times more likely to be overweight at age 11, although
the strength of the relationship was diminished upon accounting for maternal weight.4 In
the context of weight loss treatment, overweight children who showed a higher level of food
reinforcement and greater delay discounting of food rewards lost less weight compared with
children who did not.#> In comparison, two studies found that weight was unrelated to
choices made during delay of gratification tasks for both food and non-food rewards.31:46 In
addition, two studies showed no differences between healthy and overweight youth on tests
of planning, reasoning, self-regulation and personality measures that assessed sensitivity to
reward.2”39 Evidence from these studies suggests a weak association between obesity and
planning, decision-making and reasoning. It is possible that these higher level executive
functions are less well developed in children and adolescents in general (regardless of
weight status), thus clarifying the lack of an association. However, further replication of
these studies is needed.

Across this broad area of executive functioning, more consistent evidence regarding an
inverse relationship between executive functioning and weight was found in the areas of
general executive functioning, inhibition, delayed gratification, mental flexibility, and set-
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shifting. Mixed results were found with impulsivity and sensitivity to reward, whereas little
evidence was found with planning, decision-making, and reasoning.

Attention—All but three studies demonstrated an inverse relationship between attention
and obesity. Obese boys and adolescents performed lower on tests of attention and
concentration than their healthy weight counterparts.1”:3% Another study of obese
adolescents demonstrated deficits in attention compared with normative data.29 One study
found that among overweight children, there was attentional interference in regards to food
words;*” however, a similar subsequent study found no differences between overweight and
healthy weight children on attentional interference of food words.*8 Children with greater
percent body fat scored worse on a test of attention.18 Higher parent ratings of cognitive
problems and inattention were reported among children with greater BMI z-scores, WC, and
abdominal fat.18 Teacher-reported cognitive problems and inattention were positively
correlated with WC.18 Greater inattention predicted less short- and long-term weight loss for
children and adolescents in weight-loss treatment.42-°0 On the contrary, Gunstad et al.?1
found no relationship between BMI and digit span backward performance in children and
adolescents, whereas Krombholz22 also found no relationship among weight and
concentration ability in a sample of kindergarteners.

Learning and memory—Half of the studies on learning and memory in children found a
significant relationship with obesity, whereas the other half did not. One study found that
overweight children had selective processing of high caloric food cues, such that they
recalled more food words than control words in a free-recall memory task, but recalled an
equal number of control words compared with their healthy weight counterparts.*® Parents
of obese Swedish children reported the presence of learning and memory problems at
approximately three times the expected rate according to norms adjusted for both age and
gender.2* Working memory was found to be worse in obese adolescents than healthy weight
adolescents.1” However, various studies have reported no relationship between BMI,
working memory, and verbal recall performance in children and adolescents.21:27:39

Language—Results from existing studies on language and obesity are mixed. Language
problems were present in obese children in Sweden at approximately three times the rate of
the normative population, based on parent report.24 Obese children were found to have
lower reading skills compared with non-obese age and sex-matched controls.*” However, in
some studies with young children and adolescents, there was no relationship among BMI,
verbal fluency, and verbal ability.21:22 Also, Mond et al.2% found no differences between
obese and non-obese 4-to-8 year-old children in different domains of speech (for example,
pronunciation, grammar and rhythm of speech). Perhaps differences were not detected in
these latter two studies owing to the younger age range of the samples, who may still be
undergoing early stages of language development.

Visuo-spatial ability—The two studies available on obesity and visuo-spatial ability
suggest an inverse correlation. In a group of children and adolescents with BMI greater than
the fifth percentile, overweight or at-risk-of-overweight children performed worse than
healthy weight children on a measure of nonverbal reasoning and visuo-spatial
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construction.1® Overweight children in Germany had impaired performances on mental
rotation tasks compared with healthy weight children.?!

Motor skill—Studies examining motor skill overwhelming support a connection with
obesity. In cross-sectional studies, children and adolescents who were overweight or obese
performed much lower on a fundamental movement skill mastery test, as well as in tasks
involving coordination, balance, strength, running speed, agility, fine and gross motor skills,
ball skills, locomotor skills, and object-control than non-overweight peers,20.22:51-60
Overweight and obese children performed significantly worse on motor coordination tasks
than healthy weight children, with an increasing strength of association between 6 and 11
years of age, and a decreasing strength of relationship through 14 years of age.®! Parent-
reported motor skill problems in obese children and adolescents in Sweden were five times
the expected rate based on age and gender adjusted population norms.24 Contrary to the
above findings, a few studies found no association between weight/BMI on performance
tests of manual dexterity and finger tapping.21:22.62

A few studies provide longitudinal data describing the association between obesity and
motor skill. In a 2-year longitudinal study, overweight and obese children had lower motor
coordination at baseline and follow-up; strikingly, non-overweight children showed even
greater increases in scores over time compared with overweight and obese children,
indicating the impact of weight on motor coordination progression.3 A significant
improvement in gross motor coordination was demonstrated in overweight and obese
children after participating in a 4-month residential weight-loss treatment program, even
though the overweight and obese children had poorer performance than healthy weight
children at baseline.84 Better psychomotor coordination during childhood predicted a lower
likelihood of obesity during adulthood.1® These studies suggest that although overweight
and obese children have poorer motor skills at baseline, these skills can improve over time,
with intervention, and subsequently lead to decreased likelihood of obesity later in life.

Academic achievement—Research that examined academic achievement in the context
of weight generally substantiates an inverse relationship between obesity and academic
achievement. In public school children, there was a negative correlation between BMI and
total academic achievement, mathematics achievement, and reading achievement.5®> BMI
and fat mass were negatively correlated with WRAT-3 test scores.28 BMI z-score, WC, and
body-fat measures were negatively correlated with math and reading scores among a sample
that only included overweight children.1® Both boys and girls classified as ‘overweight’ or
‘always overweight’ had lower baseline reading and math test scores in kindergarten
compared with their peers that were ‘never overweight’.56 Longitudinally, an increase from
non-overweight to overweight status from kindergarten to third grade was associated with a
decline in standardized reading and math test scores for girls only.66 However, there was no
relationship between obesity and academic achievement in a group of 6-12 year-old
Portuguese students, after accounting for socioeconomic status.6” One study with fourth
grade, predominantly African American children found no relationship between BMI and
scores on academic achievement tests.58 In addition, a large longitudinal study of fourth to
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ninth graders found that BMI was unrelated to academic achievement scores on math and
language arts standardized state-wide tests over a 4-year period.59

Part Il: neurocognitive functioning and obesity-related behaviors

Executive functioning—Several studies have found an association between poorer
executive functioning and behaviors that promote weight gain. Lower self-reported
executive cognitive function in fourth grade children was associated with high-calorie snack
food consumption, consumption of high-fat and high-sugar snack foods and sedentary
behavior.1112 Executive cognitive function was positively correlated with fruit and
vegetable intake and physical activity, and positively correlated with high-calorie snack food
intake and sedentary behavior.1012.70 pogrer inhibition was associated with greater
disinhibited eating.1’ Increases in intensive aerobic physical activity predicted
improvements in inhibition, visual attention and processing speed, set-shifting and
planning.”:72 Only one study did not observe a relationship between moderately intense
physical activity and task-switching performance.”3 It is conceivable that children and
adolescents with deficits in executive functioning may be more likely to engage in obesity-
related behaviors, although some aspects of executive functioning may have a weaker
relationship with weight status.

Attention—Only one study has examined the link between attention and obesity-related
behaviors. At the end of a 12-week volleyball and gymnastics intervention program,
participating children had 83% higher attention levels than children who did not follow a
physical activity program.’4 The data from this single study suggest a positive relationship
between attention and physical activity.

Motor skill—A variety of studies have described the link between obesity-related
behaviors, specifically physical activity and motor skill. A study among Danish children
found that physical activity was positively correlated with motor performance but not
percent body fat.” This study also found that children with higher percent body fat and low
physical activity scored worse on motor performance than children with lower percent body
fat and higher physical activity.”® Preschoolers randomized to a physical activity
intervention program performed significantly better on movement skills tests than a control
sample of kids not in the program at 6-month follow-up.’® Children who had poorer motor
function at age 8 were more likely to have lower levels of physical activity at age 16.59 In
examining only the subgroup of children designating as having a high percent body fat,
motor performance was improved in children who reported greater physical activity
compared with those that did not.”> However, after accounting for percent body fat, the
relationship between physical activity and motor coordination diminished at baseline and 9
months later.”” Another study found no interaction among weight status, physical activity
and fundamental movement skills.”® In general, the majority of these studies indicate a
positive association between physical activity and motor skill.

Academic achievement—Higher math and reading test scores have also been associated
with more vigorous physical activity and better physical activity performance.”® Children
participating in a high physical activity exercise program scored higher on math
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achievement tests compared with children in a low physical activity program; however, this
study did not find a difference in math scores among children engaged in physical activity
and those who were not.”2 Greater television viewing time (sedentary activity) was also
related to lower math and reading test scores.”®

To date, no studies have investigated the association between obesity-related behaviors and
general cognitive functioning, learning and memory, language, and visuo-spatial ability.

DISCUSSION

Summary

Overall, obesity in youth is associated with poorer cognitive functioning as measured by
neurocognitive tasks and self-report measures. This review showed that there is stronger and
more consistent evidence supporting a relationship between obesity and deficits in the areas
of executive functioning (22 out of 30 studies), attention (7 out of 10 studies), visuo-spatial
skills (2 out of 2 studies), and motor skills (17 out of 20 studies). Findings were mixed in the
areas of general cognitive functioning (4 out of 7 studies), learning and memory (3 out of 6
studies), language (2 out of 5 studies), and academic achievement (4 out of 7 studies).
Obesity-related behaviors such as increased intake, disinhibited eating, sedentary activity,
and lower physical activity are generally related to greater executive dysfunction, poorer
motor skill, and lower academic achievement.

Although the pattern of findings overall indicates an inverse relationship between BMI and
neurocognitive performance, several studies reported data that showed a lack of association.
For example, across multiple areas of neurocognitive functioning Gunstad et al.2! found no
relationship between cognitive performance and BMI in healthy children and adolescents.
As suggested by the authors, this lack of association may be due to differences in study
methodology, pathophysiological processes such as altered insulin regulation influencing
cognitive functioning and the possibility that developmentally, aspects of cognitive
functioning, such as self-regulation, may be more relevant to adults than children. Variations
in results may also be related to the type of test administered (for example, self-report
measures vs parent-report measures, questionnaires vs neuropsychology tests vs laboratory
tasks), differences between studies on which possible confounding factors were controlled
for (for example, physical activity, age, gender, ethnicity, health behaviors and comorbidity)
and differences in the cut-off points for categorizing healthy weight, overweight or
variations in the measures for obesity (for example, BMI vs adiposity vs waist-hip ratio). In
addition, studies may not have used standard definitions or measures of impairment,2°
limiting the validity and generalizability of the findings. Furthermore, only certain areas of
executive functioning (for example, inhibition and delayed gratification) have stronger
support for a relationship with overweight. Other areas (for example, decision-making and
planning) were less consistently associated with overweight,2’ suggesting that not all areas
of executive functioning are related to weight through the same mechanisms. From a
developmental perspective, differences in neurocognitive functioning may interact with the
stages of brain development. For example, differences in some areas of executive
functioning may not be detectable at a young age (for example, preschool or kindergarten
age children) because the prefrontal cortex (PFC) is less well developed. Another possibility
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is that the relationship between weight/BMI and neurocognitive functioning is non-linear, or
that a threshold exists at which a certain BMI percentile puts an individual at significantly
higher risk of poorer neurocognitive functioning. These factors were not directly examined
in the studies reviewed but could potentially explain the null findings.

The overall conclusion obtained from the review of the existing research is that although a
general sense of the association between obesity and neurocognitive functioning has
emerged, this field of research is still in its infancy. The current review provides a more in
depth exploration of the role of neurobiology and neurocognitive functioning on childhood
obesity and obesity-related behaviors; we expanded upon a previously published review
paper on cognitive functioning and obesity across the lifespan (see Smith et al.8%) and
incorporated obesity-related behaviors. One limitation of this review is that we did not
analyze the effect sizes of the associations. However, the large degree of variability between
the different neuropsychological assessments for various areas of neurocognitive functioning
would likely make it difficult to conduct a thorough meta-analysis. Another limitation is that
only articles published in English were included, thus our findings did not include studies
written in other languages. This review would have also been strengthened by the inclusion
of imaging studies with children.

In some ways, this review revealed more questions than answers to the obesity-cognitive
function relationship as there are still many gaps in the literature that need to be addressed.
Although the majority of articles in this review fall under the executive functioning and
motor skills category, literature is scarce in areas of general cognitive functioning, language,
learning and memory, and visuo-spatial skills. Moreover, most of the studies involving
obesity-related behaviors only examined the link with areas of executive functioning. It is
important to look beyond BMI or weight as a correlate of neurocognitive functioning. For
example, it was physical fitness, not BMI, which differentiated a large sample of students on
academic achievement scores.5% More research is needed to examine whether there is a link
between other aspects of neurocognitive abilities and behaviors that promote weight gain.

Below are suggested questions for future studies

Is there a causal relationship between neurocognitive functioning and obesity?: The
majority of the studies were cross-sectional and only a few longitudinal studies with child
and adolescent samples were available. Some show improvements in academic achievement,
motor skills, and general cognitive functioning over time with weight loss.19.64
Participations in weight loss and physical activity programs have shown neurocognitive
improvements in kids over time.13:38.64.65.72 Oyerweight children were found to improve
less over time than non-overweight peers on motor skills.83 Other studies suggest that
neurocognitive performance might have some predictive validity in future weight status.
Children with lower delay of gratification ability at 4 years old were more likely to become
overweight at 11 years.** Higher childhood verbal and nonverbal 1Q and psychomotor
coordination were correlated with a decreased likelihood of obesity in adulthood, ~20 years
later.19 Early onset obesity was associated with smaller cerebellar volumes compared with
healthy sibling controls.81 Therefore, it is possible that early childhood obesity may affect
and/or alter brain development. Although there is some evidence that supports both
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directions of the relationship, more prospective longitudinal studies and studies controlling
for confounding variables (for example, age and medical conditions impacting cognitive
functioning) are needed to describe the directionality of the relationship.

Does the relationship between neurocognitive functioning and obesity change depend
on the age of the child, given that many executive functioning abilities are not fully
developed pre adulthood?: It is important to examine this relationship in the context of
development, given brain plasticity during childhood. For example, the strength of
association between overweight/obesity and motor coordination skills was greater in
children than adolescents, possibly emphasizing the role of development and
neuroplasticity.61 Neurocognitive interventions may potentially be more effective during
some developmental stages than others. For instance, interventions targeting improvement
of motor and visuo-spatial skills may be best introduced during early childhood, given that
motor and sensory areas of the brain tend to develop first.8283 On the other hand, executive
functioning training may be most effective during adolescence, when gray matter volume
peaks, the PFC begins to develop and synaptic pruning begins.848% Even within certain
developmental age groups, there could be great variation owing to children developing at
different rates. More longitudinal research is needed to further examine whether the
relationship between obesity and neurocognitive functioning changes across the lifespan.

How ‘food-specific’ should instruments be to best describe the relationship between
obesity and neurocognitive functioning?: Compared with healthy weight children, obese
children showed greater difficulty with delay of gratification and inhibition for food
incentives or cues only.3%40 Overweight and obese children had less preference for non-
food items, nutritious foods and non-food-related activities,*? and had more memory recall
of food words than non-food words*8 than healthy weight children. Yet, some research
suggests that delay of gratification was not dependent on whether or not the reward was
food-related.4146 Few other studies have systematically compared performance on food-
related tasks to non-food-related tasks. Thus, it would help for future studies to clarify
whether obese individuals have general neurocognitive difficulties or whether the deficits
are present specifically in the context of food.

What are the mediators and moderators of the relationship between neurocognitive
functioning and obesity?: Some of the studies presented in this review have suggested age,
gender, socioeconomic status and ethnicity as moderators. Findings from two studies
suggested that socioeconomic status, not BMI, is associated with academic
achievement.57:68 Among overweight children, those with a lower socioeconomic status had
lower motor skill functioning than children with a higher socioeconomic status.22
Depression was a mediating factor between obesity and verbal mental flexibility and
inhibition capacity.8® Impulsivity may be associated with attention deficit hyperactivity
disorder, which may ultimately contribute to overeating or higher food intake and
subsequently, obesity.26:87 Binge eating may also be another mediator between
neurocognitive functioning and obesity in children.88

Obesity and neurocognitive functioning are also associated with many direct and indirect
biological comorbidities. For example, metabolic syndrome and cardiovascular condition
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attenuated some correlations between neurocognitive functioning and obesity in adults.89 In
obese subjects, serum-free fatty acid concentration had a positive relationship with white
matter volume in the left temporal and occipital lobes. This suggests that fatty acid excess
could have a negative influence on the metabolism of lipids in the brain that may then affect
white matter volume.?0 Obesity is often comorbid with cardiovascular disease, which has
shown to impact cognitive functioning; waist-hip ratio and WC interacts with hypertension
in their association with executive function, motor speed and manual dexterity later in life.9
Obesity has also been found to be associated with leptin resistance,%2 metabolic syndrome,93
sleep apnea® and inflammation related to insulin resistance.%> There is evidence that insulin
exerts effects on neural networks,% and that insulin-resistance may lead to alterations in
cerebrovascular reactivity, potentially mediated by impaired vascular reactivity,
inflammation, oxidative stress and/or other factors.%’

Underlying brain mechanisms, such as poor executive control in regulating response to
reward, can also influence weight gain and obesity.%8:9 Imaging studies reflect differences
between obese and non-obese children and adolescents in brain functioning. Compared with
lean adolescents, obese adolescents are likely to have greater anticipation of food reward (in
the gustatory cortex and somatosensory brain regions) but experience less actual reward,
possibly owing to the decreased neural activation in the dorsal striatum (reward processing
brain region), thus increasing the likelihood of overeating and weight gain.14.190 Studies
have demonstrated that obese children display higher activation of dorsolateral PFC and
occipital front cortex than healthy weight children in response to food images during both
hunger and satiety, which is hypothesized to be associated with increased inhibitory
activation in the obese group.14101 Thus, obese children may require more effort or control
to produce behavioral restraint when confronted with food cues.192 Obese children also
failed to show significant post meal reduction of activation in the prefrontal, limbic and
ventral striatum (reward processing) region.192 These studies may support an aberrant
neurocircuitry across development among youth at risk for obesity as well as those who are
currently obese.

Understanding the connection between neurobiology and obesity may be particularly
important for children. It is possible that immature brain processes contribute to an increased
risk for developing childhood obesity. During normal brain development, regions that serve
primary functions, such as motor and sensory systems, mature earliest; higher-order
association areas, which integrate these primary functions, mature later.83 The last area to
develop is the PFC, which is vital to the inhibition of impulsive responses and to decision
making based on environmental stimuli.85 The PFC receives input from a variety of sources
in order to determine the value of a potential reward and to either mobilize the necessary
behavioral action or inhibitory response.193 Decision making in children is affected by PFC
and corresponding inhibitory control processes that are not yet fully developed.194 A
growing body of literature suggests a changing balance between the earlier-developing
limbic system and the later-developing frontal/cognitive systems.105 Without the necessary
inhibitory processes to aid in decision-making, children and adolescents may be particularly
susceptible to making poor health behavior choices, which may be particularly pronounced
when evaluating food cues in an obesiogenic environment.1%6 The research on the link
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between neurobiological factors and obesity underscore the possibility that obese children
may have more abnormalities in neurocognitive functioning. Such factors could potentially
impact food intake and weight and may explain why neurocognitive deficits may be more
common in children who are obese.

Thus, the type of food intake, physical activity, socio-demographics, health comorbidities
and underlying brain mechanisms may mediate or moderate the relationship between
neurocognitive functioning and obesity.

In conclusion, data generally show that obesity is negatively linked to various aspects of
neurocognitive functioning, such as executive functioning, attention, visuo-spatial skills and
motor skills. The existing literature is mixed on the effects among obesity and general
cognitive functioning, learning and memory, language and academic achievement. Most of
the literature suggests that greater executive dysfunction is associated with obesity-related
behaviors, such as increased food intake, disinhibited eating and less physical activity.

The findings from the research presented could be beneficial in the design and
implementation of treatments that target neurocognitive deficits that impact obesity and
obesity-related behaviors. Progress in this area has been demonstrated in other areas of
disorders. For example, in a study with children with attention deficit hyperactivity disorder,
working memory training was shown to improve working memory and inhibition and reduce
inattentiveness symptoms.197 A web-based smoking cessation program training contingency
management for adolescents showed an increase in abstinence.1%8 Some evidence suggests
that executive functioning training for obese children can improve working memory and
inhibition and can help with weight-loss maintenance.19° In addition, programs and
interventions focusing on increasing physical activity or decreasing weight may have an
essential role. For example, evidence suggesting that participation in exercise programs may
improve neurocognitive functioning is encouraging.’72 Perhaps targeting physical fitness
abilities in youth, alone or in combination with weight-loss, may have a beneficial impact on
neurocognitive functioning. This research suggests that childhood and adolescence may
represent an opportune time during development to influence neurocognitive abilities to
augment the success of current weight-loss treatments.

It is likely that neurocognitive functioning may have multiple and indirect pathways that
lead to obesity in youth. Although a general pattern has emerged between neurocognitive
functioning and obesity from existing evidence, less is known about exactly how and why
they are connected. Researchers have proposed conceptual frameworks that could more
thoroughly describe the link between obesity and neurocognitive function, such as obesity
having an acute effect on neurocognitive function; obesity influencing other chronic
conditions which then limit neurocognitive function over time; a vulnerability of poor
neurocognitive function that leads to greater risk of obesity; or that higher order
neurophysiological processes impact both the development of obesity and neurocognitive
dysfunction.! It is not yet clear which of these frameworks, if any, best describes how
neurocognitive function and obesity and obesity-related behaviors are associated in children
and adolescents. Continuing research to further expand our understanding of these
relationships may be an integral component to the development of more effective
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interventions to target pediatric obesity. Particularly for those children who have not been

Su

ccessful in losing weight or maintaining weight loss after current standard treatments,

targeting neurocognitive impairments in future inventions may improve their chances of
having current and long-term weight-loss success.
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Figure 1.
Neurocognitive model of obesity and obesity-related behaviors.
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Table 1

Operational definitions for subconstructs of neurocognitive functioning

Area of neurocognitive functioning

Operationalized definition

General intellectual/cognitive functioning

Executive functioning

Learning and memory

Attention

Language

Visuo-spatial ability

Motor skill

Academic achievement

General mental or intellectual ability and measured by tests that encompass a variety of different
content areas, such as verbal, quantitative, spatial ability, processing speed and memory.

A set of processes that involve mental control and self-regulation and controls and manages other
cognitive processes. It encompasses functions such as planning, decision-making, problem-
solving, regulation of one’s behaviors and emotions (for example, inhibition), abstraction, mental
flexibility, set-shifting (the ability to switch between different tasks or mental sets) and delayed
gratification.

The acquisition, encoding, storage and retrieval of information (includes skills and knowledge).

Selection and concentration on certain aspects of the environment, in the context of competing
stimuli. This cognitive process includes the ability to sustain concentration and inhibit attention to
other stimuli.

Verbal skills and abilities that include reading, spelling, pronunciation, grammar, rhythm of speech
and fluency.

Understanding visual information and their spatial relationships. This includes mental imagery (for
example, mental rotation), visual perception and processing, navigation, depth perception and
visual construction of objects in space.

A set of skills that involve coordination and sequencing of movements to achieve a particular goal.
This area of functioning also includes balance, fine and gross motor movements, speed, strength,
agility and manual dexterity.

Performance based on standardized tests on reading, math or other subjects within a school or
school-like setting.

Int J Obes (Lond). Author manuscript; available in PMC 2015 June 04.




Page 22

Liang et al.

auljaseq Je $3109s Solfewaylew
/Buipeal pue awi Jano ureh
b1am :(-) ‘(Ajuo sjb) sanewsyrew

(souapuadaputl

Buiuses) ‘utes| 0y ssausabes ‘uoneziueblo
‘Aigixayy ‘aousisisiad ysel ‘ssausaiusne
‘|043u09-}]8s ‘Buluies) 03 sayoeoidde) sioineyaq

(¥€0

21 1e apetb pay

/Buipeas pue ured ybiapn :(-) paodal-Jayaes) ‘Juawssasse Buipeal pue yre|n ‘¥2'6 :9pelb pig) 7L W 000L~ ‘T.L Ye uapeBiapury ‘uaipjiyd ggWNIS pue Jejeg
(1SoM) Buniys-3es pue
Aigixals aAubo) pue (1se ] 8oueINpus UoKUsYe
2Q) Buluueds [ensia pue uonusny :(isel Aouanjy
aoueJINpUa UonUaNe ‘BuIYIys [eqJaA dUBWIAS) UOIIGIYUl pue AJJIgIXa]) [egGaA
pue Auiqixaly aanubo (=) ‘Aausnyy ‘(xurew anissalboud s, uaney) Buluoseal [ealbo] (15°0 ‘p¥'2T) Wbram sfoq ybram
Jequan ‘Butuoseas 2160] ‘AIOWBN @ (11-S1WM uo ueds 1bip) Aowsw Bupilopy  Ayfeay ‘(670 ‘T°ZT) 95990 74 Ayijeay pue asaqo ‘uaip|iyd o' 1@ B 1s8l18sD
S||1s Juawdojanap Jojow (quawdolanaq J010|A S04 1yBiam Auyyjeay pue
$s046 ‘10.1U09-193[q0 ‘1010W0207 :(-) J01581) S|I1MS [043U09-198[qO ‘S||1XS 10J0W0I0T] (11 ‘e'8) steak 0T-9 €GT 85900/1UB18MIBAO ‘UBIP[IYD eg e B HID
yb1am Ayyjeay
SIS 4010 (=) (AJsIsew ||1XS JUSLIBAOW [eIUBLLEBPUNY) S|[IXS JOIOIN (0'T ‘v'8) s1eak 0T—9 €T pue yBIaMIBA0 ‘uaIp|IyD AR =R ]ie]
JUBLIBABILYIR J1LUBPEI. PUB SSBULY
2100J3¢€ :(+) Juswanalyae Buipeas pue Sjuspnis |00YIS
‘soleLUBYyeW ‘o1wapeoe pue [INg () (LV'SI) WUBWaA31YIe olWdpEdY (¥2'0'5'6) 65¢ o11gnd apedb G-¢ ‘ualp[Iyo g9 e B 1]19158D
yBram Aupeay pue
uonesiynelb jo Aejeq :(-) uorrealyield jo Aejeg (6€°T ‘62°0T) SIe3A 2T-8 65 ‘yB1amIano ‘asaqo ‘ualpjiyd zo7 @ B 90nIg
1on8] abenbue) ;g {(doons
U1 SPIOM P00} JO J0J09) 8IUBIBIBIUI (4-2S1M 1501gns Asejngedon) abenbue) (2 '6°ST 10102
:(=) ‘sqs Buipeas Jlamo :(-) ‘(doons [euonows ‘ysel doons) souasapialu] ‘g ‘S'€T 9s9q0) SIedh 9T—6 v/ SJUBJS3|0PE pue UBIP|IYD ,pZ9quolD pue jselg
sa1faje.1s UORIQIYUI BAINIBYD (6T°2 ubram Ayyjeay ‘€T°2 s|16 ybram Auyjeay
ss9] :(+) ‘uoneaiyneld Jo Aejaq @ uoniqiyui ‘uoneaisinesd jo Aejpg 1yB1amIano) sieak -5 9e pue 1BIBMIBAO ‘UIp|IyD 168MUYM pue 19binog
SIS JOION (@ (358 JUBLUSSBSSY JOJOWOINAN YILINZ) S||IXS JOION (9°0 ‘v'g) sreak y—g 62S uaipjiyd 29 [€ 1B UlAuog
(Ajuo sannusdui ybB1am
3]1q1pa) uoneayelb jo Aejaq :(-) uonealynelb jo Aejag SIeak 118 oy Ayyjeay pue ‘asaqo ‘usIp|Iyd oyPUROg pue Ojeuog
1ybram
uoniqiyut :g uoniqiyug s1eak T1-8 ov Aurreay pue ‘asago ‘uaIpyd ggPUE|0G PUE OjeUOY
pooy Jo Bununodsip Aejap ‘pooy Bununoasip Aejap
10 anjen Buroiojuial anne|ay :(-) ‘Ainisindwi (pooy Jo anjeA Bulalojulal aane|ay sieah gT1-/, e JyBIaMIBA0 ‘uaIp[IyD o/ e B 1seg
(29UB19s pue SaIPNIS [190S ‘Urew ‘ystjbug
JUBWIAABIYIE DIWBPRIY (@ U1 S1S3] PazIpJepuels) JUsLWaAaIYde JIWapedy sieak 0T ¥0GT ualpjiyd g9'[€ 1B 19IXeg
(1591 Sa0LIe\ BAISSaIB0.d PaIoj0D S,Uanry)
Ange Buluoseal aaus10S pue Ye ‘esanbnliod
JUBWIAABIYIE DIWBPRIY (@ UO JUBWIBABIYJE JIWaPEI. S1S8 | JUBISSASSY sieah Z21-9 6. ualpjiyd 190500e14 pue seblireg
(saanseauw)
(pareinaaqae) sbuipui passasse Buruonauny sA11UbOI JO Sealy ('p’s ‘uesw) abued aby N uolye|ndod sioyiny

Author Manuscript

S1U30S8|0pR pUB UBJP[IYD Ul A1ISaqo JO S81e[a1109 aANIuBoo0INau ay) Buluiwexa saipms

¢ ?olgel

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2015 June 04.

Int J Obes (Lond). Author manuscript



Page 23

Liang et al.

abenbue| ‘Buiures] ‘Alowsw

pue sj|1s [e1oos ‘Buiutes| ‘abenbue| ‘Alowaw

1yB18MIBA0 BUO pue 85870

‘S]|1{S 10J0W ‘UORAUNY BAIINJBXT (=) ‘uondadiad ‘suonouNy 8AIINIAXS ‘S||1XS J0ION (0'2T) steak GT-8 0g ‘SJUBISB|0PE PUE UBIP[IYD vz [e 10 JI0H
(Buidde 1a6ui4) J010|A pue :(Aduan|H [ewiuy)
abenbue ‘(jjeoay [eqia ) AlowsA (Jaquinu JyBramiano
/1ana|—uonuaje Jo Buiyoums) Buiuonouny pue 1yB18MIan0 JO XS T8
annnJax3 ‘(premyoeg ueds 161Q) uonuany :(qser ‘ybiam Auypfeay ‘wbramispun
aouew.Ioiad 1531 annubo) g pJoA-ay3-1ods) Buiuonouny [en1as|aiul parewns3 (92°¢ ‘sp'2T) Steak 6T—9 8/y ‘S]U8dSaOpE pUR UIP|IYD 17’ e 18 peisung
AUARISUSS (vfse1 Buiuado Jooq) Anansuas b1am Ayyfeay
pJemal 1@ ‘uomgiyul ssuodsay :(-) plemay :(xse: [eubis-dois) uoniqiyur asuodsay (09°0 ‘6) S1eak 0T—8 8/ pue 1yBIsMIBAO ‘UaIp|IyD oz’ e B LsLIeNY
(g'g abe 1e A11S8qO JO XSII pasealoul
0} pajejal z abe 1e s||1xs uone|nbal G'G pue g abe 1e b1am Ayyeay
-318s Ja100d) uone|nbai-yas :(-) (syse1 Alojeloge]) uonenbai-§|as  PalaISIuILIPE SJUBLUSSASSY 1S pue 1yBIsMIBAO ‘UaIp|IyD z¢'[e B ouelzel
1ybram
uoneaiynelb Jo Aejaq (o wbipered uoneanyesh jo Aejaq siapesb yig pue ‘Ui ‘pig 8y Ayijeay pue asaqo ‘uaip|iyd op [ BI9|18D
(1oyod
poounpe ul A11S8qo Jo aduejanald S30LI1eW ||e23) pue SHBIp |[edal ‘sanlie|iwis piIom  (Z awi Uoyod 0/6T) Sieak 0/6T)
pue UOIeUIPI00I JOIOW POOYP|IYd ‘suoiuigap piom Buipnjaul ‘ssfeas ANjigy ysng 0¢€ ‘(T awn 1oyod 0/6T) St9
(=) ‘1ING pooypliyd pue AJljige 3y} JO UOISIBA PajIpow e pey 1oyod 0/6T ‘YdJeasay sreak 0T ‘(z awin Moyod  ‘(oyod
anmubos pooyp|iyd @ ‘ANsaqo ynpe |euoI}eaNP3 J04 UOITEPUNOS [BUOITEN WOL) 8G6T) Sieak g¢ ‘(T awn 8G6T)
pue Aujige samubos pooyppiyd :(-) SWIaYl [eqIsAUOU OF pUe [eqJsA OF pey 1oyoD 8S6T 10Y02 8G6T) s1eak TT L¥19 21 e s)npe ‘71 Je uaipiyd g1 B ® 3ED
10J3u09
-J]8s pue uoneonelb Jo Aejaq :(-) |03U02-|3s pue uoieolyielb Jo Aejeg  sieaA 2T pue ‘IT ‘6 ‘2 ‘S ‘S T90T uaipiyd ¢y UBLWISNS pUe siouel
awn Jano ssaiboid
uoIeUIPI009 J0jow :(-) ‘(1are] SIeak g (4opury wbram Ayypeay
pue au1j8seq) UoIreUIp00d 1010 :(-) 1N} 1531 SUOITRUIPJ00XadiQd) UOITRUIPI00D JOJON SIeak 0T—9 00T pue yBIaMIBN0 ‘uaIp|IyD ¢o’ @ B IPUOH.AQ
UOIIRUIPJI00I JoJoW Ul JuswaAoidwi (Burddoy BHaj-omy ‘Burddoy Baj
pue weiboid yuswiea ur uonedioiued  -auo ‘sAemapis Buirow ‘spremoeq Buijem fispuryy 1yBiam Auypjeay pue
:(+) ‘uonreuipiood 010N (=) N4 191 SuoIleuIplooXadiQy) uolreuIpiood 1010 (7’1 ‘S'0T) SIedh €11 L ‘yBIamIano ‘asaqo ‘uaIpjiyd yg’'[8 B IpUOH.a
(uaapnud 1Bram Auppeay
SIS |[eq ‘aauefeq ‘s||1xs Jo1oN (=) 10} AJayieg JUBLUSSASSY JUBLIAAOIA) S|[1XS JOJON sieah 0T-§ ITT ‘35300 ‘WyBIamIan0 ‘Ualp|IyD g’ [@ B 1pUoH.a
(uaipyo 1oy wBrem Ayesy pue
S[I{S Jojow auld :(-) AJaneg UsWISSaSSY JUSWAOIA]) S[|1MS 1010w aul4 (97 ‘e'6) SIe9A 8'2T-S ors ‘yB1amIan0 “asaqo ‘uaipliyDd o9’ [ 1 IpUOH.a
(1591 8oualapau| 1ybiam
Aipgixay IO/ J0]0D—WISAS UOIIOUNS 8AIINAXT Uedey Auyieay pue ybramiano
leusw (=) ‘Auaisindwy :(+) -s118@) Au1qixayy [esw ‘(d-sddn) Auaisindw sieak /12T €9 ‘959010 ‘SIUBIS|OPY o5’ @ 1 001y4-opebjag
(yseL Buijques emoy) Bunjew
uonigiyul pue ssoj ybram -uoisioap {(doons) uoniqiyur {(Burousnbas Jagquinu
{(+) ‘Aunisindwir pue sso| 3yBram :(-) -1ama1) Aujiqixay feusw ‘(d-Sddn) Anarsindu (8€'T '6T'YT) LT-2T ras WBIoMIBAO 'SIUBISBIOPY o¢'[e 1o 0014-0pebjag
(pasinay-sa|eas sbuney Jayoes] s,Jauuo))
uonuaneul /swajqoid slolAeyaq paliodal-1ayoes) ‘(pasiney-sajeds
annuboo payodal-1ayoes) ‘uonusneul Buney jualed s,Jauuo)) sioireyaq panodai-juaised
Jswajqold aAnubod papodas  ‘(S18IsN| soeWaYIRI peolg pue Bulpesy peoid ‘||
-uased :(+) ‘s8400s Buipeal/ylew  JUBWIBABIYIY JO SIS UOSUYOr-3200p00AN) Buipeal 9590
‘uonuane ‘aouewopad aanubod :(-) pue sorjewsayrew ‘WaisAS JUsWSSassy aAniubod (0T ‘S6) SILAA TT-L 0LT pue 1yB1amiano ‘uaip|iyd gr48dooD pue sineq
(saanseaw)
(parelnaiqqe) sbuipui4 passasse Buiuonouny aAnIubod Jo sealy ('ps ‘ueaw) abued aby N uone|ndod sioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2015 June 04.

Int J Obes (Lond). Author manuscript



Page 24

Liang et al.

10J3u09
A1011qIyul pue yuswieal) ui ssoj ybram
:(+) ‘Auaisindwi ‘josuod Alongiyul

"(s81e3s Sv'd /S19)
Ainisindw (yser jeubis-dois) j013u0d Aloqiyug

95300

‘uonesanasiad asuodsay :(-) ‘(se1 Buluado 10oQ) uonetanasiad asuodsey sIeak GT-ZT €9 ‘yBram Auyeay ‘usipjiyd ¢1 [@ 10 UI00XIapaN
S|114s Juawdojansp Joyow (yuawdoanaq 1010\ SSOID
ss046 ‘|01u02-193(go ‘Jojowo0207 :(-) 0153 ) S||1{S 1043U02-393[QO ‘S||13{S J010W00T] S0y 08 uaipliyd o [@ 1B OURION
429ads ‘uo1eIUadU0D pue
Alowaw ‘anawyire ‘uondadiad [ensia (uoneulwexa Anua [00YdS 10} [3POIN
‘uonoeIISge (@ (SafewW Ul S|[S Jojow  UelieAeq) dnawylie ‘uondadiad [ensiA ‘uonoensge
:(-) ‘sejeway ul doueIANGSIad :(-) ‘aouelaAIBsIad ‘UOIRIIUBOUOD pue AIOWBIA (2€0‘0'9) steak g— STY6 uaipjyd oz [e 1 puo
(TNVEM) Xapu] Asowsy Burjop pue
Aowaw Burjiom (INWYHM) X8pu| uoieIusdu0D/uonUSNY ‘(sel
‘UOIRIIUBOUOD puUe UoiuaNe ‘Aouan|y doons) uonigiyui asuodsal ‘(1 ¥AMOD) Aduanyy
[equan ‘Anjiqixaly aaubod ‘uonigiyul [eqan (g Med 1so1 BunfeiN resL) Aunaixeld  (9°T ‘€' ZT—Ued] '9°T ‘G'/T
(=) ‘O1 91eas-|ny parewnsy :(-) anInubo) (v Med1saL Bupje |1ell) uonushy —>as9q0) SIeak TZ—T 16 ues| pue 3300 ‘S)UISB|0PY 718 1 uekeey
(swuorerd Bungiys
‘B3] suo Buiddoy ‘Buidwnl [essye| ‘aouereq tispury
(a0uaasajope Ajiea uey) pooyp|iyd -1NJ-1S9 -UOIBUIPJ00XJadIQD 1S3 UOIRUIPI00D
ui Jabuou3s) uoneuIplood JoJo (=) Apoq Bui|jiyos-preydiy) uoireu1pio00d J010N sIeah 79 G/T. uaipjiyd 19'[e 10 $8d07
pouad JesA Inoy Jan0 pue auljaseq (sure abenBue) ysijbu3g pue yrew ul 1sa ] apeih
Te S1S9 ] JUBWIAABIYIE JIWBPRIY (@ pazipJepuels BIUIOJI[ED) JUBWSABIYJE DIWBPeIY  Ule 03 Uig ‘apeld yi 01 Yy Sel2 S)UBISA|OPE pUE UBIPJIYD 6olUIYIBAISED pUB UOPUOT]
{(iseL 090N
09 Yse} 8zew ‘uonuane Jo BuIydNMS ‘8ousla)Isiul
uonIgIyuIsIp pue [eqJan jser aouewioiad snonunuod ‘ueds NBip—
‘AI1gIXa]4 [RIUBW ‘UONUSNE UO ‘Blep Aianeg 1sa] aaniubo) pazusindwo)) Buluonouny
aAlrewlou 0} patedwod ‘souewloylad anINaxa {(A1-DSI/M) Buiuonouny [enyos|aiul
pasealdap pey S)uadsa|ope 8s8qO [esauab (- 1'HM) aWaAsIyde olwapedy  (69'T ‘88'ST) SIeak 6T-GT 14 95300 ‘S)UISA|OPY 62 2 10 U0
Buuonouny (Y- Lvdm) onswyie
3AIUBOI pue JUBWAABIYJE J1WBpRIL pue Buipeay :(ueds ub61p) Alowsw Bujiom 1yB1amiano ‘Wybirsmiano
:(-) ‘uononssuod Jeiredsnonsin pue uonuany :(:1sa1 ubisap %2019 (4-OSIM) s 1e ‘ybiam Ayieay
/Buluoseas [eqUdAUON (=)  UORONJAISUOI [erjeds -ONSIA pue Buluoseal [eqaAUON (€0°2T) Sleak 9T-8 6TS2 ‘S]UBIS3|0pE PUR UAIP|IYD gre®IT
(1581 Jreq ainynQ) aouabijjsiul pue
souabijaiur  i(uonenuazuoy—abuyelpung any 1sa ] Jsunpuel)
‘UoI1eIUBdU0I ‘AlI|Ige [eqIBA uo1eIUdU0I ‘(1591 AreIngeaoA aindid Apogead)  (9°0 ‘sv'v) Wbem Auyesy b1am Ayyeay
‘A11181X8p [enuew @ ‘S||1s J010N (=) Anige [eqJan (Aisneg 151 J0I0IN) S||IS JOJON (80 ‘sv'v) ybremuanQ 0S¢ pue 1yBi1amiano ‘uaip|iyd zZZI0Yquios
uonauny JoJoN :(-) uonouny Jojow Jo 1odai-4[as plIyd pue Juated sleak 9T pue g 1908 uaipiyo 65 [€ 1 rewojuey|
(e-1vdm)
JuBWaA8IYIe ‘|0J3u0d Alo)qiyul (=) JUBWIBASIYIY ‘(3SeL 090N 09) |043u0d Alouqiyul SIeak 6 pue £ 9ZT uaIpliyd gz [e 1 oliwey|
159 UOIjE}O0)
[ejuaW d11WoU0IYd ‘(AN|IqIXal4 ‘@auenIpus (89°0
aouew.Ioyad uorelol ‘yibuans ‘Burdwinl i 1M@) SIS 1010 ‘(saL ‘¥6°6—S]011U02 {68°0 ‘0T s]043u09 Ayyfeay
|elUsW ‘UoIeUIPI00d I010IN (=)  SadlIeIN BAIssalbold paiojoD) Buluoseal enydsdlad -1yb1amiano) sieak 0T-6 43 pue yBIaMIBNO ‘UaIp|IyD 15 [e 1 ussuer
(aureuuonsanb GT—G) swajqo.d [el01ABYSq /[euoows
(aureuuonsanb GT—G) swajqoJd [el01ABYSq /[euoiows
(saunseauw)
(parelnaiqqe) sbuipui4 passasse Buiuonouny aAnIubod Jo sealy ('ps ‘ueaw) abued aby N uone|ndod sioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2015 June 04.

Int J Obes (Lond). Author manuscript



Page 25

Liang et al.

‘1SOM ‘111-8]80S 80uabi||81u] PaYRIABIGQY JB]SUIBAN ‘T11-SIVAN ‘PaSIASY—UBIP|IYD 10} 8]eds 80usBi|[alu] JBISYIaAA “H-DSIM ‘1881 UaIp|IyD J0) A1s11eg JUBWSSaSSY JUBWBACIA ‘DG VIAl ‘1S9 JUBWBABIYIY
SpJepuels sloulf]] ' LS| ‘191 UOIBID0SSY PIOA [BIQ P3]10AU0D ‘1 YANOD S31eds WIRSAS UOIRAINY [eJ0IARYag/WalsAS UORIGIYU] [eI0IARyag ‘S3[eds SYa/SIg ‘Xapul ssew Apog ‘[INg :SUOIBIARIGQY

(dnoubgns asaqo Buowre Ajuo
punoy 198449 ‘s|A1b Joy) wawredwi

(souereq ‘siiis

(050 ‘L¥'6 85890
‘67°0 ‘Tt"6 Wb1amiano
‘67°0 ‘2i'6 ybram

Jojow [e10} :(-) ‘ouejeg (=) |1eqg ‘AlleIxap |enuew DGVIAI) UOIBUIPIO0D JOION Auyeay) sieak 0T-6 6202 uaipjiyd o @ ° Nyz
's1s9)
10 31| ||} 10} 3]911e [en)ae sas—(Buryew-uoisiosp
Bunyiys-1es ‘Bupjew-uoisioap ‘uonrenbal-y1as ‘Buiyiys-1es ‘uoniqiyul ‘Buiuoseas
‘Aupigixa)y ‘uomguyur (=) ‘Buuuerd ‘Butuue)d ‘Alowsw Bupyiom ‘aausbifjaiun)
‘Alowaw Bujiom uawysiund Aianeq [ea1bojoysAsdoinaN ‘AlAnIsuss 1YB19M 9AISSOXD
/pJemal 01 AlARIsuss ‘Auaisindw| @ pue Ayaisindwi Jo saireuuonsenb odai-y|as SIeak 9T—€T 19 ‘WBram Ayifesy ‘s)usassjopy 17 e B r1oten-olepiaA
uoniquyut (uoisiane Aejap pooyp|iyd Jo xapul A3|spnein)
uoneAnow ‘ysel dois uoniqiyul uoisiane Aejaq ‘(yser Buiuado JooQ) uonigiyui
:(=) ‘Buimelp 812119 uoniquyur :(+) uoneAnoN (seL dois ‘ser Buimelp 812110) ybiramiano
‘uoisiane Aejap ‘uoniqiyul [equdA i@ uoniqiyu ((3saL spjiom asusoddQ) uonigiyul [egqia sieak yT-0T 18 ‘ybram Ayieay ‘uaipiiyd ¢z [e 18 UsXagIaA
(asreuuonsand
Ainisindui sa13|nd1441@ pue syibuans ayy uo uodas 95800 pue JyBIamIan0 v [€
‘uonuaneul pue ssoj ybiapn :(-) juated) Anaisindwi /AnAnoesadAy pue uonuasneu| (0 ‘2'TT) s1eak 9T-8 ¥6€ ‘S]U8DSaOpE pUR UIP|IYD 1 Yo1jya0i4-puowhz uea
(wa1sAS uonoduN4 aAINdaX3
ue|dey|-si[a@ 40 sajeasqns Bulxew |1es pue Aduanjy
uonouny uBisap) Anjiqixals pue ‘paads ‘Buiuueas jesnia 95900
AAIINJ8X3 pue sso] WYBIBAN :(+) ‘Butuueld Jojow ‘uomgiyul asuodsal ‘s|iys eneds (9t°9T) steak 6T-ST S pue 1yBIamIBA0 ‘SJusISajopY gz [e 1 ouerels
pOO0J 10} S103148 8oUBIBLAII (T8'T ‘7L '¥T) WyBrom
UOIUSNE (@ :SPIOM |0U0D (Y4-DSIM Woly sazew) |jedal Auieay (15T ‘86'1T) 1yBram Ayjeay
10 |83l 1@ ‘SPIOM P00} JO |[83aY :(+) -984} {(>se1 pJom pappaqui]) Buissasoid uonusny 1yB1amiano ‘sieak gT-2T 18 pue 1yBIaMmIBA0 ‘SJusISajopY g 1oBIg pUE SUR0S
(3ubram Aupreay pue
uoneannelb jo Aejaq :(-) (wbipered Alojeloge]) uoneaiynelb jo Aejag sIeah £T-8 9 8590 ‘Ajuo sAoq) uaipjiyd 1491PY pue [ebis
(3se) Bunrem uoneaiyeld jo
uoneoynelb jo Aejag :(-)  Aelap s,ussaqq3 pue |aydsiiAl) uoreaynelb jo Aejag 21 SIeak TT ‘T1 SIeak ¢ 508 uaipjiyd vy’ [2 10 anehsss
(Aupbe ‘paads Buruuni ‘saueleq
‘pbuans ‘uonreuIpI00d qui| Jaddn ‘uoreulpiood
[eJaye|iq :sIsalgns Z-20UeWIOad J0J0N  (S'T ‘Gz'8) ybram Auyyeay wbem Ayesy
s|s Jolo :(-) 10159 Ays1alesO-syuIunig) aouewloyiad 1010\ ‘(7'T ‘s2°8) Wbramiano 9TT pue 1yBIdMIBAO ‘UaIp|IyD 15 [e 1 ussinod
(Bungnidsyiayjwessawiny
(Ajuo swadsajope) Inz aLaeqlsa | AJaNeq JUSISSasSe UonUale 85300 pue yBranmuano
Ainisindwi pue ssoj ybiapn :(+) ‘090N-09) UoNUBNE. puUR |013U0d Al0)IqIyu] (02 ‘T'TT) S1esh gT—/ 1T ‘S]U8ISaOpE pUR UBIP|IYD g¢'[@ 1 Nod-1jned
SIS 1043U02-193[q0 ‘s|I{S
1010W020] PaJUBApE ‘S||13s J010N (=) (S]111S JUBWAAOW [EIUBWIEPUNY) S||1XS JOIOIN 0T ‘8 ‘9 ‘v Sapelo €9EY S)UBISBJOPE PUE UBIP[IYD s e A0
(sena pooy yum) uomaiyul (-) (vise} reubis doys) uomaiyul sieak 6-L 68 ualpiIyd og'[e 1o UI00x13paN
(x3-1s0d
sypuow gt uane) Auaisindwy :(+) (tse1 [eubis doys) uomqiyur pue Anasindu (z71'c6) sreak z1-8 92 88370 ‘UBIPIIYD ve 2 1 UI00XYI9paN
(saunseauw)
(parelnaiqqe) sbuipui4 passasse Buiuonouny aAnIubod Jo sealy ('ps ‘ueaw) abued aby N uone|ndod sioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2015 June 04.

Int J Obes (Lond). Author manuscript



Page 26

Liang et al.

“Buruonouny aAUB0d J0 ease pue JYBIam UsaMIS] UOIIR|81100 aARISod sa1edIpul (+) “Butuonouny aARIuBod J0 eale pue 1YBIaM UsaMIaQ UOIR[B1I0 3SI9AUI Sa1edIpul
(=) "sBurputy 1[nu sayeaipul @ “(UOIIPS Yl 'y ‘UOIIIPS PIE ‘S ‘PaSIAGY ‘Y) 1581 JUBWIBABIYDY abuey apIAN ‘1M ‘AlowsA pue BuiulesT Jo Juswssassy abuey apIAA “TINVHM ‘1S81 L0S PIeD UISUOISIAA

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Int J Obes (Lond). Author manuscript; available in PMC 2015 June 04.



Page 27

Liang et al.

Burtuonouny

AAIINJ8Xd PUE 8XEIul XIeUS aJminy ;@ ‘Bujuonouny
BAIINJAX3 pUe axeIul XIeUS :(-) BuluoioUN) SAIINJAXD
pue AAnae [eaisAyd ainny :(+) ‘Butuonouny aAnNdBXa
pue AnAnoe [eaisAyd Juanind g ‘Buluonouny aA1NdEXd

(1oday-418S ‘uonoun4 aAlNIEX3
10 A101uanu| Buney [eioineyag) sjeriarew
10 uoneziuebio pue ‘Alowsw Buisiom

pue axejul 31qe1sban ANy ainng pue juaing :(+) ‘|o13u09 A1031g1yul ‘1043U0d [euoows (T9'0‘s’6) ¥8T (s18pedb yiy) uaipjiyd or'[e 1 sbbry
s|ins Jojow pue AyAnde [edtshyd :(+) SIS JUBLSAOIN (zo'zy) svs uaipliyo o BB AllIRY
S|11s Jojow pue AlAnae [eaisAyd Jamoj e} (13591 Aoeanage Buimoly ‘1apuryy
Apoq Jareald () ‘s|js Jojow pue ANARe [edIsAyd :(+) N} 1S3 SUOITRUIPJIO0) dourwIOad JOJON sleak g-9  86v uaipiyd g, [e B UoSLUION
(INwHEM) xapul
Kiowsl Bunpiop pue (TANVHM) Xapul
uonenuaduod/uonusNyY ‘(yseL doons)
uoniqryui asuodsas ‘(LYAMOD) Aousnyy
[equan (g Wed 1sa L Bunfe |redt) Auiqixeld
anuboD ‘(v Med 1sa1 Bunfel [reiL) (9T ‘e T—URs| 9T
uonigiyul pue Buires palaplosiq (=)  uonusny ‘aireuuonsan Bune3 JojoeH aaiyL ‘G')T—as900) SIedAk Tz—¢yT  T6  Ued| pue 8S8g0 ‘S)Uadss|opy 7@ 1B uekee|y
Aianoe [earsAyd pue uonouny
AuAnae [eaisAyd pue uonauny J0JoN :(+) Jojow Jo 1odai-§[as pJIyd pue Jusled sieaA 9T pue g 1908 uaJplyD 65 [e 1 rewojuey|
S|11X{S JUBWIBAOW [eJuBLLIBPUN
SIS Jojow ‘WyBiram ‘Ananae |eaIsAyd o ‘S|113S 10J0WO020] ‘S||I%S [013U02-193[q0 SIedh ZT-6  8ie uaipjyd g, [ 1 awnH
(uoISIaA UBWIZD ‘SIUBISA|OPY (28T ‘TT°2T ;10400 ‘82°T
Ainisindwi pue Buirea D07 :@ 10} 8]eIS ssauaAls|ndw| nesreg) Alaisindw ‘T0°2T :2071) steak yT1-0T 06 SJUBISB|0pE pUR UBIP|IYD ¢’ [e 1 uuewreH
$8102S 159 Ylew pue aouewloyad [eaisAyd
:(+) ‘sa109s 1s8) Bulpeal/yrew pue AAnoe [eaisAyd :(+) S1S9) pazipJepuels
'$8109s 159} Buipeal jyrew pue Buiyorem uoisinglal :(-) (dVIN) ssaibo.d d1wapedy Jo sainseain (92°TT) SIedA ET-TT 008 uaIpjyd 6. e 1B spremp3
JusWaAsIyde Buipeal/yrew ‘sassaooid ({1
AAISS8I9NS ‘$8559204d SNOBUE}NWIS ‘UOIIUSNE pue JUBWIBABIYIY JO SIS UOSUYOL-4I0IPOOAN)
AiAnoe [earsAyd @ s3109s yrew pue AlARde [eaIsAyd  JuswaAaIyde dlwapede ‘(WB)SAS JUsLUSSASSY
188]-yB1y :(+) :Butuueld pue Ananoe [eaishyd :(+) anmuBon) Buruonouny samubod (0T'ce)steeh 112 T.T ualp(iyo 2B ® sineq
s1s9] Bue el ‘(doons) souaiapiaiul
‘(3591 UBWBA3IYDY abuey apIAn) dnBwylLe
‘Buljjads ‘Buipeas ((3sa ] aduabijjaiu] Joug
syse1 aAnubos puewsp ybiy pue ajes LeaH ((+)  uewgney) aouabi||alul [eQISAUOU pUB [eQIIA 7S ‘628) 65 uaip|iyd 1, e B lj[3sed
183 Apog (weaq
J1oy Bununoaae ‘souefeq /Aj1Be pue AlAOe [e3ISAUd (@ 8dueleq ‘8SIn0d 319e1Sqo AM|IBe) S|j1XS J010IN (90‘zg)seako—+v /12 uaipjiyd ;' le 1 1bing
uo12UNY 8BANNJSX3 pue ANANDE [ed1sAUd :(+) (>{se1 J83jUBlS PAIFIPOW) UOIIOUNY SAIINJSXT (7 ‘1°8) s1eak 0T—9 €e uaipjyd o/dsed
uonuane pue ANANe [ed1sAud :(+) (1591 uonUaNY UOPINOg) UOIUSNY sIeak gT-TT 09 uaipjyd y, 8B ZISpY
(saanseaw)
(parelnaiqgae) sbuipui4 passasse Buluonouny aAIuBoI Jo sealy ('p's ‘ueaw) abue.a aby N uone|ndod sioyiny

Author Manuscript

S1U2S8|0pR pUR UBIP|IYD Ul SI0IARYSQ Pale|ai-A11Saqo JO S81e[a1i09 aANIuBoo0INau ay) Buluiwexa saipms

€9l|qel

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2015 June 04.

Int J Obes (Lond). Author manuscript



Page 28

Liang et al.

609 Jo BaJe pue JoIARYS] PaIR|aI-A1ISAC0 UBBMIB] UONRIBII00 BAIISOod sa1edlpul (+) ‘Buluonouny aAubod Jo eale pue JoIARYaQ Pate|a-AlISA0 UBaMIBQ UOIIR[31I00

3s1aAU1 sa1eaIpul (=) "sBulpuly |Inu sayealpul @ *AlowslA pue BuiuiesT Jo Juswissassy abuey apIA “TINYEM ‘|00 JO SSO| ‘D0 ‘1S9 UOIIRID0SSY PIOAA [8I0 Pa]043u0D ‘1 YAOD SUOHRIASIGYY

aouewIoyIad BuIydNIMS-3se) pue ANIAIDR [edISAUd 0 3Sel Youms (ZT'C6)SILAATT-L 69 1yB1aMIBAO ‘UBIPIIYD ¢, e 1 Dismolodwo]
Burtuonouny

aA1NJaxa pue AlAnoe [eaisAyd :(+) ‘Buluonouny (1oday-418S ‘uonouNS aAINJEX3
9AIINJaXa pue axelul a|qelsfianainiy :(+) ‘Buluonouny 0 Ai0juanu| Buriey [eloineysg) s[elarew
BA1INJ3Xa pue Joineyaq Alejuapas :(-) ‘Butuonouny 10 uoneziuehio pue ‘Aiowaw Bujiom

AAIINJAXA pUe XUl POOJ Yorus allofed-ybiH :(-) ‘1043u09 A103QIYul ‘]0U0D eUOIIOWT €6 /8ST (s18pedb yiy) uaipiyd 2118 1 shbry
(1oday-}19S ‘uonouN aAlNaX3
Burtuonouny 10 A1owuanu| Buney [esoineyag) sjerisrew
BA1INAXA pue axeul Xorus tebns-ybiy/el-ybiy 10 uoneziuebio pue ‘Aiowsw Burjiom

:(-) ‘Buiuonouny aAlNJaxa pue Joineyaq Aseluapas :(-) ‘|o21u0d A1031gIyul ‘Jo3U0d [euoloWs (87'0°'9z'6) 166 (sJapelb yy) uaipiyd 7' © shbry
(saunseaw)

(parelnaiqge) sbuipui4 passasse Buluonouny aAlubod Jo seary ('p's ‘ueaw) abue. aby N uone|ndod sioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Int J Obes (Lond). Author manuscript; available in PMC 2015 June 04.



