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Summary

The purpose of this review was to examine the factors that predict the develop-
ment of excessive fatness in children and adolescents. Medline, Web of Science
and PubMed were searched to identify prospective cohort studies that evaluated
the association between several variables (e.g. physical activity, sedentary behav-
iour, dietary intake and genetic, physiological, social cognitive, family and peer,
school and community factors) and the development of excessive fatness in
children and adolescents (5-18 years). Sixty-one studies met the eligibility criteria
and were included. There is evidence to support the association between genetic
factors and low physical activity with excessive fatness in children and adoles-
cents. Current studies yielded mixed evidence for the contribution of sedentary
behaviour, dietary intake, physiological biomarkers, family factors and the com-
munity physical activity environment. No conclusions could be drawn about
social cognitive factors, peer factors, school nutrition and physical activity envi-
ronments, and the community nutrition environment. There is a dearth of longi-
tudinal evidence that examines specific factors contributing to the development of
excessive fatness in childhood and adolescence. Given that childhood obesity is a
worldwide public health concern, the field can benefit from large-scale, long-term
prospective studies that use state-of-the-art measures in a diverse sample of
children and adolescents.
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Introduction

Childhood obesity has reached epidemic proportions and
has become a critical public health threat. Over the past 30
years, the prevalence of obesity has more than doubled for
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both preschool children and adolescents, and has more
than tripled for elementary school children (1). Currently,
33.2% of children and adolescents (ages 6-19 years) in the
United States are overweight or obese (1). The burden of
obesity is disproportionately high among minorities;

645
14, 645-658, August 2013



646 Development of excessive fatness R. R. Pate et al.

obesity reviews

41.8% of Non-Hispanic black and 41.2% Hispanic
children and adolescents are overweight or obese (1).
Because obesity is a multifaceted problem, public health
interventions aimed at preventing it should be informed
by a comprehensive understanding of the physiological,
behavioural, environmental and cultural factors that asso-
ciate with development of excessive fatness in childhood
and adolescence. Social ecological models that take into
account a wide range of factors and contextual influences
on obesity are well suited to understanding and ultimately
preventing obesity.

Obesity is a condition characterized by an excessive fat
mass relative to total body mass. The vast majority of
children begin life with normal body composition, and in
normally developing children, fat mass increases at a rate
of 1.9 kg year™ (2). However, in some children fat mass
increases more rapidly, ultimately producing overweight or
obesity. Typically fat mass increases very gradually, and
even when the increase is excessive, a period of several
years is required for the obese condition to be attained. The
factors that relate importantly to this gradual, excessive
increase in fat mass are not well understood. Designing
research to identify these factors is challenging because they
exert their influence in children, who are initially normal in
body composition, over an extended period of time. Studies
focusing on fat loss in children who are already overweight
do not necessarily provide information that is relevant to
prevention of obesity in children who are initially normal.
In contrast, prospective observational studies have the
potential to identify the factors that associate with exces-
sive fat gain.

The purpose of this systematic review was to examine
current scientific literature on the factors that predict the
development of excessive fatness in children and adoles-
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cents. The review focused exclusively on prospective cohort
studies that evaluated the association between multiple
individual and contextual variables (e.g. physical activity,
sedentary behaviour, dietary intake and genetic, physiologi-
cal, social cognitive, family and peer, school and commu-
nity factors) and the development of excessive fatness. We
limited the review to prospective studies because through
temporal sequencing, prospective studies identify the
factors that associate with development of excessive fatness
in children and adolescents.

Methods

Conceptual framework

This systematic review was guided by the social ecological
model of health behaviour, which posits that an individu-
al’s behaviour is influenced by factors operating at multiple
levels, including intrapersonal, interpersonal, institutional,
community and public policy (3,4). A social ecological
framework has been used in previous studies and is increas-
ingly acknowledged as a promising approach for studying
the aetiology and prevention of obesity (5-8). In the
context of this review, the social ecological model provides
a framework for examining a wide range of factors that
associate with energy balance, including physical activity,
sedentary behaviour and dietary intake, and other intrap-
ersonal (e.g. genetic, physiological and social cognitive),
interpersonal (e.g. family and peers), institutional (e.g.
school) and community (e.g. physical activity and nutrition
environment) factors. A conceptual model of our interpre-
tation of the factors that relate to a child’s body composi-
tion is presented in Fig. 1.

Body
Composition

Figure 1 Conceptual model.
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Table 1 Search terms

Variables Search terms

Dietary intake

total energy intake, energy intake, fat, dietary fats, protein, dietary protein, carbohydrate, dietary carbohydrate,

dairy intake, dairy products, milk, soft drinks, fruit juice, sugar-sweetened beverage, beverage consumption,
soda, fruit and vegetable intakes, vegetables, snack food intake, dietary sucrose, energy-dense, low-fiber,
dietary fiber, high fat, meal frequency, breakfast eating, restrained eating, feeding behavior

Physical activity
Sedentary behaviour
Genetic

Physiologic

physical activity, accelerometry, motor activity, exercise

sedentary, sedentary behavior, sedentary lifestyle, sitting, accelerometry

genetic(s), twin(s), heritability, parental overweight, quantitative trait, heritable

blood pressure, triglyceride, low density lipoprotein, LDL, LDL cholesterol, high density lipoprotein, HDL, HDL

cholesterol, leptin, adiponectin, insulin, ghrelin

Social cognitive

self-esteem, depression, depressive symptoms, self-regulation, restrained eating, self-concept, protein restricted

diet, fat restricted diet, carbohydrate restricted diet

Family and peers

socio-economic status, social class, income, family income, family structure, family characteristics, maternal work

status, employment status, time spent in childcare, feeding practices, feeding behavior, meals eaten together,
frequency of family meals, parental monitoring on weight, parental monitoring on physical activity, peer weight

status, peer group
School
Community physical activity

school food, school lunch, school breakfast, physical education, recess, school physical activity
green space, residential density, parks, public open spaces, sprawl index, physical activity facilities, playground,

sidewalks, trail, connectivity, built environment, neighborhood

Community nutrition
super market

proximity of food retailers, food environment, neighborhood food environment, food outlet, fast food restaurant,

Review methods

We conducted an electronic database search of Medline,
Web of Science and PubMed to identify relevant articles
published between January 1990 and October 2011. We
chose this time frame to focus on the more recent studies of
the past 22 years. A keyword search in Medline and Web of
Science and a MeSH search in PubMed focused on children
and adolescents as the target population, and longitudinal,
cohort or prospective studies as the study design. The
outcome variables of interest were overweight, obesity, adi-
posity and body mass index (BMI). The exposure variables
of interest were objectively measured physical activity,
objectively measured sedentary behaviour, dietary intake,
genetic factors, physiological factors, social cognitive
factors, family and peers, school, the community physical
activity and nutrition environments. A detailed list of the
search terms and their associated exposures are presented
in Table 1.

Inclusion criteria for the articles were as follows: (i)
published in peer-reviewed journals between January 1990
and October 20115 (ii) written in English; (iii) used a pro-
spective cohort study design and included longitudinal
analyses to evaluate the independent association between
the exposure and outcome variables of interest and (iv)
included only children and adolescents between the ages of
§ and 18 years. Because sedentary behaviour has received
increased attention in recent years, we extended the publi-
cation search for this construct through 30 June 2012.

The selection of articles was performed independently by
two investigators. A total of 7,735 articles were identified
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in the search and 61 articles met the inclusion criteria and
were included in the review (Fig. 2). Data from the selected
articles were extracted into a summary table by one
investigator and confirmed by another investigator. The
summary table included the following information for each
article: study location, participant characteristics (i.e.
sample size, age, sex and race/ethnicity), study design
and follow-up duration, exposure variables and measures,
outcome variables and measures, statistical analysis
method and main findings. A summary of the studies is
presented in Table 2.

Results

Intrapersonal factors related to energy balance
Behaviours related to energy balance

Physical activity. Low levels of physical activity relate to
energy imbalance and may associate with the development
of excessive fatness in children and adolescents. Many
studies that have measured physical activity in children and
adolescents have used subjective (self-report) measures,
which involve considerable recall error, especially in chil-
dren <11 years of age (9-11). Objective methods (e.g. heart
rate monitor, pedometer and accelerometer) provide more
accurate estimates of physical activity by removing recall
error. Accelerometry is currently considered the ‘gold
standard’ for measuring physical activity in children (12).

This review identified seven prospective cohort studies
that used accelerometry to examine the relationship
between physical activity and excessive fatness (13-19).

14, 645-658, August 2013
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Physical Activity Sedentary Diet Genetics Physiology
1.860 identified 95 identified 2,223 identified 704 1dentified 2,100 identified
1,314 after duplicates 89 after duplicates 1,727 after duplicates 673 after duplicates 2,100 after duplicates

Social Cognitive Family & Peers School PA Envir Comm. PA Envir. Comm. Nutr. Envir,
582 identified 984 identified 162 identified 204 identified 107 identified
433 after duplicates 961 after duplicates 160 after duplicates 192 after duplicates 86 after duplicates

y

(n=7,735)

Articles screened for title and abstract

Articles excluded

v

v

(n=17,559)

(n=176)

Articles screened for full text

Articles excluded

(n=116)

50 Not a prospective cohort study
24 No body composition outcome

r Y

24 Not in target age range

11 No independent analysis for the
association between the exposure and
outcome of interest

7 Self-report of sedentary/PA

A 4

Articles identified through hand search
n=1)

(n=061)
22 Diet
8 Genetics
7 Physical activity
6 Physiology
5 Family & peer
4 Sedentary

3 Social cognitive
1 Community nutritional environment
1 School PA environment

Articles included in review

4 Community physical activity environment

Figure 2 Flow diagram of study selection process.

The follow-up period for these studies ranged from 1 to 7
years. For the measure of body composition, three of the
studies used a criterion measure, dual-energy X-ray absorp-
tiometry (DXA) (13-15), and four used other measures (i.e.
BMI, skin-fold thickness or bioelectrical impedance analy-
sis [BIA]) (16-19). In the Iowa Bone Development Study
(13,14), one of the two that used DXA, Janz et al. (13)
followed 379 five-year-old children for 3 years. At follow-
up, children in the lowest quartile of percent body fat had
higher total physical activity, vigorous physical activity and
5-min bouts of vigorous physical activity than children in
the upper three quartiles of percent body fat (13). An
additional follow-up with the same cohort of children 3
years later revealed that those in the highest moderate-to-
vigorous physical activity (MVPA) quartile at age 5 had
significantly lower fat mass at ages 8 and 11 than those in
the lowest MVPA quartile (14). The second study, the Avon
Longitudinal Study of Parents and Children, followed
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4,150 twelve-year-old children for 2 years. This study
found that an increase of 15 min day™! in MVPA was asso-
ciated with 2.4 and 2.3% lower fat mass in boys and girls
respectively (15).

The other four cohort studies that used accelerometry to
measure physical activity used BMI, skin-fold thickness or
BIA to measure body composition. Fisher et al. (16) exam-
ined the association between MVPA and a 1-year change in
BMI and fat mass index (FMI: fat mass divided by height
in m?) in 280 children ages 8 to 9 years. They found that
higher MVPA levels at baseline were associated with lower
BMI and FMI 1 year later, independent of both total physi-
cal activity and sedentary behaviour (16). Stevens et al. (17)
followed 454 American-Indian children ages 7 to 10 years
and found that physical activity was associated with lower
percent body fat in normal weight children at the 3-year
follow-up. This effect was not seen in overweight children,
whose physical activity levels were associated with higher

© 2013 The Authors
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Table 2 Summary of included studies*

Variable Number of ~ Summary Description Refs
studies
Physical activity 7 === 0 6 studies (13-18): PA reduces fat mass (13-19)
1 study (19): no association
Sedentary behaviour 4 000 + 3 studies (13,16,22): no association (13,16,22,23)
1 study (23): T sedentary behaviour associated with T in BMI
Energy intake 2 +FROM)O 1 study (24): T energy intake associated with T BMI in girls, not boys (24,25)
1 study (25): no association
Energy-dense foods 5 +0000 1 study (29): T energy-dense foods associated with T FMI in children (24,26-29)
4 studies (24,26-28): no association in adolescents
Macronutrient intake 2 -0 1 study (26): macronutrient intake inversely associated with body fat (26,27)
1 study (27): no association
Dairy intake 4 --00 2 studies (30,31): | dairy intake associated with T fat mass and BMI (30-33)
2 studies (32,33): no association
Fruit and vegetable 1 0 1 study (34): no association (34)
intake
Snack food intake 3 00 + 2 studies (35,36): no association (35-37)
1 study (37): T snack food intake associated with T
BMI z-score
Sugar-sweetened 8 ++ 4+ + 5 studies (35,38-41): T SSB associated with T BMI (35,38-44)
beverage intake +FOM)0OO 1 study (43): for girls, T SSB associated with T BMI, for boys, no
evidence of association
2 studies (42,44): no association
Energy-dense, low-fibre, 1 Mixed 1 study (45): pattern associated with T fat mass from 7- to 9-year-olds, (45)
high-fat pattern no association from 5- to 9-year-olds
Heritability of BMI 8 ++++++++ 7 studies (47-53): children with overweight or obese parents more likely — (47-53)
to be overweight
1 study (54): heritability only associated with BMI of parent of same sex
Plasma insulin 2 +0 1 study (55): T insulin associated with T fat mass (55,56)
1 study (56): no association
Insulin sensitivity 3 -—= 3 studies (55,57,58): { insulin sensitivity associated with T fatness (55,57,58)
Leptin 2 ++ 2 studies (60,61): T leptin associated with T fat mass (60,61)
Plasma adiponectin 1 0 1 study (61): no association (61)
Depressive symptoms 1 + 1 study (63): depressive symptoms associated with T fat mass (63)
Self-esteem 1 0 1 study (64): no association (64)
Self-control 1 - 1 study (65): higher self-control associated with | BMI (65)
Parental concern for 1 Mixed 1 study (66): T parental concern associated with | fat mass for white (66)
child’s weight children, no association among African-American children
Parental feeding 2 Mixed 1 study (67): higher parental feeding restriction scores associated with (67,68)
restriction d BMI z-score for 5-6-year-olds, but no association in 10-12-year-olds
1 study (68): for high-risk children, T parental feeding restriction and |
pressure to eat were associated with | BMI z-score
Parental monitoring 1 Mixed 1 study (68): for low-risk children, T parental monitoring of high-fat food (68)
associated with 1 BMI z-scores; for high-risk children, no association
Meal frequency 1 0 1 study (69): no association (69)
Maternal work status 1 + 1 study (64): mother’s full-time employment associated with T BMI (71)
School PA environment 1 Recess: —(PE: 1 study (73): meeting recess recommendation associated with | in (73)
-M,0F) BMI, meeting PE recommendation associated with 1 in BMI for boys
only
Community PA 4 --0-00 1 study (76): park space and recreation programmes associated with | (74-77)
environment BMI z-score
1 study (74): greenness associated with { BMI z-score; residential
density — no association
1 study (75): T road connectivity associated with L BMI z-score; access
to destinations and traffic exposures — no association
1 study (77): no association
Community nutrition 1 + 1 study (80): higher availability of convenience stores to child’s home (80)

environment

(0.25 mile) associated with T BMI

*There were no articles identified for peer factors, time spent in child care, nor school food environment.
+, indicates positive association between the variable and obesity/overweight; —, indicates negative association; 0, indicates no association.
BMI, body mass index; F, female; FMI, fat mass index; M, male; PA, physical activity; PE, physical education; SSB, sugar-sweetened beverage.
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BMI and fat mass 3 years later (17). Moore et al. (18)
followed 103 four-year-old children for 7 years and found
that children in the highest tertile of daily physical activity
(accumulated over the 7 years) had significantly smaller
gains in BMI and skin-fold thickness at age 11. However,
one study that followed 212 five-year-old children for 3
years did not find a significant association between MVPA
and BMI, body fatness or waist circumference (19).

Overall, the prospective evidence to date indicates that
MVPA and total physical activity are associated with lower
fat mass in children and adolescents over time. However,
the maximum amount of follow-up time was only 7 years.
Longer follow-up periods across early childhood into ado-
lescence would be valuable because the association between
physical activity and relative fatness gain may exist during
critical periods in childhood and adolescence. This is in line
with our current understanding of critical periods for the
development of fat cells in individuals (20). For example,
the adiposity rebound period (ages 4 to 7 years) may be a
critical period for the development of subsequent adiposity
(20). Once body fatness status is established during adipo-
sity rebound, the fatness level may then be sustained
throughout childhood and adolescence (18). Future longi-
tudinal studies using criterion measures and including par-
ticipants from early childhood through adolescence could
explore these relationships more fully.

Sedentary bebaviour. Sedentary behaviour, defined as
activities with an energy expenditure ranging from 1.0 to
1.5 metabolic equivalent units (21), likely plays a role in
energy balance. This review identified four prospective
cohort studies that used accelerometry to examine the rela-
tionship between sedentary behaviour and excessive fatness
(13,16,22,23).

The Towa Bone Development Study examined the asso-
ciation between objectively measured sedentary time and the
3-year change in adiposity among 378 five-year-old children
(13). There was no significant difference between children
in the lowest quartile for percent body fat compared with
those in the upper three quartiles in sedentary time
(283 = 39 min day'and 285 * 41 min day™' respectively).
Similarly, there was no difference between children in the
upper quartile for percent body fat compared with those in
the lower three quartiles in sedentary time (286 = 44 min-
day™ and 284 = 40 min day! respectively).

Another cohort study investigated the relationship
between objectively measured sedentary time and 1-year
change in BMI, FMI and waist circumference among 280
eight-year-old children (16). After adjusting for baseline
MVPA and total physical activity, sedentary time was not
significantly associated with the 1-year change in BMI, FMI
and waist circumference.

Basterfield et al. (22) followed 403 six- and seven-year-
old children for 2 years and measured sedentary time, FMI
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and BMI z-score. After adjusting for baseline MVPA,
changes in sedentary time were not associated with changes
in FMI in boys but were marginally associated in girls.
However, changes in sedentary time were not associated
with changes in BMI z-score for either sex.

Mitchell et al. (23) examined the relationship between
objectively measured sedentary time and 6-year change
in BMI among 789 nine-year-old children. Longitudinal
quantile regression was used to determine if sedentary time
was associated with changes at the 10th, 25th, 50th, 75th
and 90th BMI percentiles over time. The researchers
found that time spent in sedentary behaviour was positively
associated with change in BMI at the 50th, 75th and
90th percentiles between ages 9 and 15 years, independent
of MVPA.

In sum, the limited prospective evidence to date yields
mixed findings on whether sedentary behaviour is associ-
ated with excessive fatness in children and adolescents.
There is some indication that among children (ages 5 to 9
years), sedentary time is not associated with fat mass;
whereas there is a positive association between sedentary
time and BMI in older children and adolescents (ages 9 to
15 years). This limited evidence indicates the need for more
prospective studies to evaluate the predictors of objectively
measured sedentary behaviour on the development of
excessive fatness in children and adolescents.

Dietary intake. There is consensus that dietary intake plays
a key and complementary role to energy expenditure (i.e.
physical activity) in the regulation of energy balance. This
review identified 22 studies that examined the relationship
between dietary intake and the development of excessive
fatness in children and adolescents.

In a large cohort of U.S. adolescents, Berkey et al. (24)
reported that higher energy intake in 9- to 14-year-old girls,
but not boys, was associated with a 1-year increase in BMI.
In contrast, Koutedakis et al. (25) did not find an associa-
tion between higher energy intake and 2-year changes in
percent body fat estimated from skin-fold measurements in
12-year-old Greek children.

Studies on the relationship between macronutrient intake
and changes in BMI in children and youth are mixed
(24,26-29). For example, one study reported an inverse
association with body fat (26), whereas another has not
(27). The intake of energy-dense foods was positively asso-
ciated with a 1-year increase in FMI among 6- to 8-year-old
children (29); however, studies with adolescents have not
supported these findings (24,26-28).

Intake of specific types of foods including dairy, fruit and
vegetables, snack foods and sugar-sweetened beverages
have been evaluated with respect to their impact on the
development of excessive fatness. There is some indication
that reduced intake of dairy during childhood may be
related to greater increases in body fat and BMI (30,31),

© 2013 The Authors
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although findings have not been consistent (32). In fact,
among adolescents, those who reported higher milk intake
experienced greater increases in BMI; however, this finding
was no longer significant after adjustment for total energy
intake (33). One study looked specifically at children’s fruit
and vegetable intake and found that, when adjusted for
caloric intake, fruit and vegetable intake was not associated
with 3-year change in BMI z-score in 9- to 14-year-old
children (34).

We identified three studies that examined the relation-
ship between snack food consumption (e.g. cookies, pas-
tries, crackers, chips, sweets, confectionaries) and change in
BMI z-score in children and adolescents. Two studies found
no relationship between snack food consumption and
change in BMI z-score after controlling for dieting behav-
iours and caloric intake (35,36); however, one study found
a positive association between snack food consumption
and 4-year change in BMI z-score in 5-year-old girls from
overweight families (37). There is mixed evidence regarding
sugar-sweetened beverage intake and the development of
excessive fatness in children and adolescents. Some studies
demonstrated that sugar-sweetened beverage intake is asso-
ciated with longitudinal increases in BMI or BMI z-scores
in children and adolescents (35,38—41). One study found
no association between sugar-sweetened beverage intake
at ages 5 or 7 years and fat mass at 9 years (42); whereas
another found a positive association among girls, but no
association among boys (43). Further, one study found a
positive association which disappeared after adjustment for
total energy intake (44). Another study examined food
intake patterns and identified an energy-dense, low-fibre
and high-fat pattern. Among 7-year-old children, this
dietary pattern was associated with higher fat mass at 9
years of age; however, this association effect was not
present from ages 5 to 9 years (45).

In sum, the prospective evidence regarding the associa-
tion of dietary intake on excessive fatness in children and
adolescents is mixed. Major methodological challenges
include inaccuracies in estimation of energy intake by
dietary assessment methods, errors in self-report from both
parents and children and systematic underreporting. None
of the studies included in this review used specific methods
to adjust for measurement error. It has been well docu-
mented that dietary intake and patterns change markedly in
childhood (46); however, the question remains of whether
there is a critical period during childhood and adolescence
where dietary intake is truly relevant to changes in BMI
over time.

Ad(ditional intrapersonal factors related to
energy balance

Genetic factors. This review identified eight studies that
examined the relationship between genetic factors and the

© 2013 The Authors
obesity reviews © 2013 International Association for the Study of Obesity

development of excessive fatness in children and adoles-
cents. Studies of the genetic predictors on the development
of excessive fatness in children and adolescents have pri-
marily estimated the heritability of BMI over time through
prospective studies of twins and children in adoptive fami-
lies (47-49). Haworth et al. (47) followed more than 3,000
pairs of monozygotic and dizygotic twins from ages 7 to 11
and found that the heritability of children’s BMI became
progressively stronger (i.e. 0.48 at age 7 to 0.78 at age 11)
with increasing age. This study also found a significant
association between the FTO gene and change in child BMI
over time; children with the AA genotype consistently had
a higher BMI than children with the AT or TT genotype at
ages 7, 10 and 11 (47). Three other twin studies with
adolescent samples found high heritability of BMI with age,
and the variance was largely explained by a similar set of
genetic factors (50-52). Additional findings revealed that
genetic factors had a stronger association on BMI heritabil-
ity for females than males from ages 10 to 12 (51), and at
age 12 (52).

This review identified four prospective studies that esti-
mated the heritability of BMI between parents and their
children (48,49,53,54). Among 5-year-old children with
overweight or obese parents, the risk of becoming over-
weight or obese at age 14 was 6 to 10 times higher than for
children with normal weight parents (53). Likewise, among
9-year-old girls, the risk of becoming overweight at age 18
was 3.8 times and 7.9 times higher for those with an obese
father or overweight mother respectively (48). Further,
9-year-old boys with obese fathers had a 4.4 times higher
risk of being overweight at age 18 than boys with a normal
weight father (48).

However, the association of parental BMI on their child’s
overweight risk may not be entirely attributable to genetic
factors. One study that followed 5-year-old children annu-
ally until age 8 demonstrated that child BMI was only
associated with the BMI of the parent of the same sex,
possibly indicating the role of parenting practices associat-
ing with child BMI (54). Another study found a positive
association between parental BMI and child BMI in both
biologically related parent-child pairs (r =0.11-0.22) and
adoptive parent-child pairs (r=0.10) at ages 11 to 13,
possibly indicating the role of the familial environment on
BMI change in children (49).

In sum, the genetic association with the development
of excessive fatness during childhood and adolescence,
while significant, remains small relative to other factors.
For example, the FTO polymorphism (rs9939609) only
explained about 1% of the variance of the BMI heritability
(47). Overall, evidence suggests high heritability of child
and adolescent BMI with increasing age. More research is
needed into the association between specific genes and
change in child BMI over time. There is also evidence of
heritability of BMI between parents and their children,
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although the contribution of the gene-environment interac-
tion to the development of excessive fatness in childhood
and adolescence remains unknown.

Physiological factors. This review identified six studies
that have examined the relationship between various physi-
ological factors and the development of excessive body
fatness in children and adolescents. Prospective research to
date has focused mainly on the association between body
fat with plasma insulin, leptin and plasma adiponectin
rather than other biomarkers, such as cholesterol or
ghrelin.

Prospective studies on the relationship of fasting plasma
insulin concentration to excessive fatness have yielded
mixed results. One study with 8-year-old children who
were followed between 3 and 6 years found that those
children with higher fasting plasma insulin concentration
at baseline had a greater increase in fat mass over time
(55); however, another study with 5- to 9-year-old Pima
Indian children found no association between fasting
plasma insulin concentration and fat gain 9 years later
after adjusting for maternal BMI (56). Studies have also
examined the relationship between insulin sensitivity and
longitudinal change in fat mass in children and adoles-
cents (55,57,58). These studies reported that reduced
insulin sensitivity was independently associated with a 3-
to 10-year increase in fat mass among children (55,57)
and adolescents (58) after controlling for age, sex, puber-
tal stage and race/ethnicity.

Leptin is a hormone that plays a key role in energy
balance, including regulation of appetite and metabolism
(59). This review identified only two prospective studies
that have examined the association of baseline leptin level
on change in fat mass in children. These studies examined
3-year change in body fat among 8-year-old (60) and
9-year-old children (61) and found that higher baseline
leptin levels were associated with a greater increase in fat
mass after adjusting for baseline fat mass and sex. Only
one study was identified that examined the relationship
between change in BMI and plasma adiponectin. This study
examined 3-year change in BMI ratio (follow-up BMI/
baseline BMI) among 9- to 10-year-old Japanese children,
and found no relationship between plasma adiponectin and
change in BMI ratio (61).

In sum, the limited prospective evidence to date indicates
mixed findings surrounding the association of physiologi-
cal biomarkers on the development of excessive fatness in
children and adolescents. Of the studies identified, there
were mixed results regarding the association with plasma
insulin, limited evidence of a positive association with
leptin, and limited evidence of a negative association with
insulin sensitivity. We are unable to make a conclusion
about the relationship between adiponectin and the devel-
opment of excessive fatness in children and adolescents.
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Further, the collective effect of these biomarkers on exces-
sive fatness is not well understood. One challenge to exam-
ining the impact of these biomarkers on the development of
excessive fatness in youth is that many are highly interre-
lated. For example, reduced insulin sensitivity was associ-
ated with excessive fatness, but it also was associated with
decreased leptin (59). Further, genetic and environmental
factors interact and add to the challenge of examining the
impact of these physiological factors on excessive fatness in
children and adolescents (62). It is worthwhile to note that
there is the potential for reverse causality (i.e. overweight
causing insulin resistance, an increase in adipose tissue
increases the secretion of adiponectin); however, this review
was designed to identify predictors of overweight (i.e.
overweight as the dependent variable, not the independent
variable).

Social cognitive factors. This review identified three studies
that have examined the relationship between various social
cognitive factors (e.g. depressive symptoms, self-esteem,
self-control) and the development of excessive fatness in
children and adolescents. Only one prospective study
examining depressive symptoms and change in body fat
was identified (63). This study found that adolescents who
had depressive symptoms at baseline were at increased
risk of overweight 1 year later, after controlling for socio-
demographics, self-esteem, physical activity and smoking.
Another prospective study examined the association of self-
esteem on the development of overweight in a cohort of 5-
to 10-year-old children found that a low self-esteem score
at baseline did not predict which non-overweight children
would move into the overweight category 3 years later (64).

Duckworth et al. (65) examined the effects of self-
control (i.e. impulsivity and delay of gratification) and pro-
spective weight gain in 105 fifth grade children. This study
found that children with higher self-control in fifth grade
had a lower BMI in eighth grade. However, we are not
aware of any longitudinal studies that specifically investi-
gated the association between children’s self-regulation of
eating behaviour on excessive fatness.

Due to the limited prospective evidence, we are unable to
draw any clear conclusions surrounding the relationship
between social cognitive factors and the development of
excessive fatness in children and adolescents. Drawing
from social ecological theory, we would hypothesize these
variables to be greatly correlated with excessive weight gain
in children; however, social cognitive research on obesity
has yet to take advantage of prospective designs. Addi-
tional prospective studies could clarify how social cognitive
factors associate with the development of excessive fatness,
the factors that are the most predictive over time, the
developmental phases that are the most relevant for nur-
turing social cognitive attributes and the relationship
between these different social cognitive factors.
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Interpersonal factors related to energy balance

Family and peer factors. Family and peers are two inter-
personal factors that are hypothesized to associate with the
development of excessive fatness in children and adoles-
cents. We identified three prospective studies that examined
the relationship between parental concern for child’s
weight, parental feeding practices and longitudinal change
in child fat mass and BMI z-score (66—68). One study
found that among 11-year-old children, parental concern
for child’s weight was inversely associated with change in
total fat mass over time among white, but not African—
American children (66). Two other studies examined the
relationship between parental feeding practices and change
in child BMI z-score (67,68). One study found that higher
parental feeding restriction scores of energy-dense foods
and drinks were associated with lower BMI z-scores in 5- to
6-year-old children 3 years later, but no association was
found in 10- to 12-year-old children (67). Another study
found that the association of parental feeding practices on
change in children’s BMI z-score varied among children by
obesity risk status (low risk as maternal pregnancy weight
<33rd percentile, and high risk as >66th percentile) (68).
Among low-risk children, higher parental monitoring of
child consumption of high-fat food was associated with
lower BMI z-scores 2 years later. Among high-risk children,
increased parental feeding restriction and reduced pressure
to eat, but not parental monitoring, were associated with
decreased BMI z-score. The literature search identified only
one prospective study that examined the relationship
between meal frequency and longitudinal change in child
overweight status determined from BMI. Fulkerson et al.
(69) found no association between family meal frequency
and adolescent risk for excessive fatness at S5-year
follow-up.

Family structure, particularly maternal work status and
time spent in child care, may predict the development of
excessive fatness. Children who are enrolled in child care
are more likely to be obese (70). However, prospective
evidence on these relationships is limited, as only one study
was identified that met our inclusion criteria. Researchers
reported that 7-year-old children with a full-time employed
mother had an increased probability of being overweight at
age 16 (71). No prospective study of the association of time
spent in child care was identified.

Overall, there is little data on the role of family processes
in the development of excessive fatness in children and
adolescents, and results are mixed. Limited evidence sug-
gests that parental concern for child’s weight may be
inversely associated with fat mass change, although these
results may differ by race. Further, the relationship between
child feeding practices (e.g. monitoring, restriction) and
excessive fatness is unclear and appears to differ by age.
Less is known about the longitudinal association of family
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structure (i.e. maternal hours worked, child care) on child
and adolescent weight status. The tenets of the social eco-
logical model suggest that peers influence the development
of excessive fatness in children and adolescents; however,
no longitudinal studies explored the impact of peers’ influ-
ence on individual child weight trajectories.

Institutional factors related to energy balance

School factors. Because children and adolescents spend the
majority of their weekday time at school, the school envi-
ronment carries significant authority on their dietary and
physical activity patterns (72). The school food environ-
ment is critically important for child and adolescent weight
trajectories given that children consume more than 35%
of their daily energy intake at school (72). However, this
review did not identify any prospective studies that exam-
ined the association between the school food environment
and excessive fatness.

With regard to the school physical activity environment,
only one prospective study investigated the association
between existing school physical activity programmes (i.e.
recess and physical education) and BMI trajectories in
children from first to fifth grade. Fernandes et al. (73)
found that children who met the National Association
for Sport and Physical Education (NASPE) guideline of
100 min of recess per week exhibited a 0.74 unit decrease
in BMI percentile over time, while meeting the NASPE
guideline of 150 min of physical education per week was
associated with a 1.56 unit decrease in BMI percentile for
boys only.

Given the lack of prospective data examining the rela-
tionship between the school nutrition and physical activity
environment and the development of excessive fatness in
children and adolescents, no conclusions can be drawn. It is
currently unknown how the school environment, including
school dietary and physical activity policies and practices,
predict longitudinal changes in the weight status of children
and adolescents.

Community factors related to energy balance

Physical activity environment factors. Longitudinal studies
of the relationship between the physical activity environ-
ment (e.g. parks, roadways, landscaping) and excessive
fatness are limited, especially in children and adolescents.
The present review identified only four prospective studies
(74-77).

One study that sampled 3,173 children between the
ages of 9 and 10 investigated the association between park
space, recreation programmes and an 8-year change in
BMI z-score (76). Park space was defined as acres of
parkland within a 500 m distance of a child’s home. Avail-
ability of recreation programmes was defined as the
number of municipal recreation programmes within a
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10 km buffer of a child’s home that targeted children
under 18 and required physical exertion. Both park space
and recreation programmes were inversely associated with
BMI z-score at age 18 after controlling for demographic
and environmental confounders. Further, recreation pro-
grammes had a larger effect on BMI z-score compared
with park space, and boys had larger effect sizes relative
to girls for both outcomes.

Another study examined greenness (i.e. the presence of
open green spaces within a 1 km buffer of a child’s home)
and residential density (within the child’s census block) on
change in BMI z-score in a sample of 3,831 youth ages
3-16 years (74). Greenness was inversely associated with
BMI z-score at the 2-year follow-up with and without
controlling for residential density. Residential density was
not significantly associated with BMI z-score at follow-up
when greenness was not included in the model, and only
marginally associated when greenness was controlled for in
the model.

Finally, two studies involving a small cohort of Austral-
ian children examined the association of physical activity
environmental factors on change in BMI z-score in 140
children ages 5 to 6 and 269 children ages 10 to 12 over 3
years (75), and on average BMI z-score in 301 children ages
10 to 12 over 5 years (77). Both studies examined multiple
physical activity environmental features, including destina-
tions (i.e. public open spaces, sports options, walking/
cycling tracks, distance to school), road connectivity (i.e.
number of cul-de-sacs, density of intersections, proportion
of four-way intersections, length of access paths) and traffic
exposure (i.e. length of busy and local roads). Two different
buffer sizes were used, 800 m and 2 km. Analyses control-
led for various socio-demographic and home characteris-
tics. In the first study, road connectivity was inversely
associated with a 3-year change in child BMI z-score,
whereas access to destinations and traffic exposures were
not (75). In the second study, none of the neighbourhood
(i.e. physical activity environment) variables were associ-
ated with a S-year change in BMI z-score after controlling
for age, maternal education, role modelling, parental
social support and rules and restrictions for sedentary
behaviour (77).

In sum, there are mixed results regarding the association
between the community physical activity environment
and excessive fatness. Methodological issues, particularly
the inconsistency in operationalization of physical activity
environmental variables, heterogeneity in measurement
approaches (78) and salience of the geographic buffer (e.g.
distance of 800 m, 2 km, around a child’s home) are
evident and likely contribute to the mixed results. In order
to effectively examine the role of the community physical
activity environment and the development of excessive
fatness throughout childhood and into adolescence, these
current limitations need to be considered.
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Nutrition environment factors. The community nutrition
environment may associate with dietary behaviour and ulti-
mately weight status in children and adolescents through
various factors, including type and location of food outlets
and accessibility of food outlets (e.g. hours of operation,
availability of drive-through windows) (79). This review
identified only one study that examined the association of
the nutrition environment on change in BMI in children.
Leung et al. (80) examined the association between the
density of different types of food outlets (e.g. convenience
stores, supermarkets, fast food restaurants) within 0.25
mile and 1.0 mile buffer of the child’s home and change in
BMI z-score over 3 years in a sample of 353 girls ages 6 to
7. Of all of the food outlets, only a higher availability of
convenience stores within 0.25 mile of the child’s home
was significantly associated with a 3-year increase in BMI
z-score and overweight/obesity status; however, this asso-
ciation was not present when the buffer around the home
was extended to 1.0 mile.

Given the lack of prospective evidence of the association
between the community nutrition environment and the
development of excessive fatness in children and adoles-
cents, no conclusions can be drawn.

Discussion

This review summarized the current scientific evidence on
the predictors of the development of excessive fatness
in children and adolescents. Adopting a social ecological
framework, this review examined key variables across mul-
tiple levels (intrapersonal, interpersonal, institutional and
community) that may relate to excessive gain in BMI and
fat mass over time. Overall, the available prospective evi-
dence indicates that genetic predisposition and low levels of
physical activity are associated with the development of
excessive fatness in children and adolescents. Current
studies yielded mixed evidence for the contribution of
sedentary behaviour, dietary intake, some physiological
biomarkers, family factors and the community physical
activity environment. Due to the limited number of pro-
spective studies identified, no conclusions could be made
about the association of the social cognitive factors, peer
factors, school nutrition and school physical activity
factors and the community nutrition environment. There-
fore, it appears that the closer to the right side of our
conceptual model, the stronger the evidence, whereas
further to the left, the evidence is less studied, possibly due
to the presence of the additional factors.

For the majority of studies identified, there was limited
and inconclusive evidence of a relationship with the devel-
opment of excessive fatness in children and adolescents.
This lack of association could be explained by several
issues. It is possible that the samples used in the studies are
not representative of the wider population, or that the
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model does not apply to certain ages, genders or race/
ethnicities. Further, the lack of relationship may be due to
poor measurement of the constructs contributing to low
reliability and validity. Targeted behaviours are complex
but some have been measured simply. Studies adopting a
social ecological framework are limited by the number of
factors they can operationalize and evaluate (6).

Heterogeneity between the studies including differences
in the measures used, populations sampled and limited
adjustment for pubertal status are likely important factors
contributing to the mixed results. For example, the incon-
sistencies could be explained in part by measurement issues
related to the use of non-criterion measures of fat mass (e.g.
BMI, skin-folds and waist circumference). There is evidence
that non-criterion measures produce relatively larger meas-
urement errors when assessing body fatness in children
than criterion measures (81). These measurement errors
may mask the true relationship between the various factors
examined and the development of childhood obesity. Spe-
cifically, it is recognized that BMI is not equivalent to body
fatness, and studies that used BMI as the dependent vari-
able should be interpreted with that limitation in mind.
Heterogeneity in participant characteristics, environment,
culture and geographic location (all important contextual
variables in the social ecological theory) could also explain
the mixed findings. Additionally, some researchers exam-
ined very specific populations (17,56,61) which do not
allow for adjustment for race/ethnicity. Lastly, pubertal
status is an important consideration as children develop
and mature at different rates (82).

While most of the studies adjusted for potential con-
founders (e.g. sex, age, race/ethnicity), very few studies
examined the interaction effect among factors on the asso-
ciation of interest. For instance, only one study (63) exam-
ined the interaction between depressed mood and several
factors (e.g. physical activity, smoking) on the development
of excessive fatness. Therefore, the literature is character-
ized by a narrow focus, typically evaluating the relationship
between longitudinal change in fat mass and one individual
or environmental factor at a time. This approach differs
markedly from the social ecological model of health behav-
iour, which recognizes that multiple factors interact and
simultaneously affect individual health behaviour and
health outcomes. Future prospective studies need to assess
multiple factors and examine their interactions with the
development of excessive fatness in children and adoles-
cents. Because human behaviour is highly complex,
advanced statistical models are needed to examine the asso-
ciation of multiple variables as well as any interactions
between variables (5).

We limited the review to prospective studies because
through temporal sequencing, prospective studies identify
the factors that associate with the development of excessive
fatness in children and adolescents. This is particularly
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important with children and adolescents, as they are
growing and developing at a rapid rate. The critical factors
that predict energy balance for young children may differ
from the critical factors for older adolescents. We recognize
that prospective studies demonstrate association, and not
necessarily causation, and that prospective studies have
the potential for biases and confounding, similar to cross-
sectional studies. While we chose to limit this review to
prospective studies published from 1990 to 2011, we note
that researchers could extend this work by examining the
findings of other study designs, and by examining earlier
publications.

The limited number of identified prospective studies
underscores the need to conduct more of this type of
research in order to fully understand the aetiology of child-
hood overweight and obesity. While cross-sectional studies
are valuable, a prospective design can add substantially to
our understanding of the development of excessive fatness
in youth by focusing on the following issues: how factors
associate with the development of excessive fatness, the
most salient factors contributing to the development of
excessive fatness in youth, the developmental phases or
critical periods that are instrumental in contributing to
weight gain over time and the interrelationship between
these factors. Longitudinal studies that include longer
follow-up periods beginning in early childhood and into
adolescence is an important next step to identifying the
prospective (and potentially causal) association between
key wvariables and excessive weight gain over time.
Researchers should plan and seck funding for longitudinal
studies with extended follow-up periods. If feasible,
resources should be used to outreach children from previ-
ous studies in order to provide more complete longitudinal
data. Further, the use of criterion measures and state-of-
the-art measures integrated uniformly between studies will
allow researchers to draw more accurate conclusions across
such studies.

In conclusion, the current review highlights the degree to
which research on development of overweight and obesity
in youth has yet to take advantage of prospective designs.
Given that childhood obesity is a critical public health
problem of the 21st century, the field can benefit from
additional large-scale, long-term prospective studies that
use criterion and state-of-the-art measures. Longitudinal
studies are needed to identify the relationships between
factors and the underlying mechanisms. Future prospective
studies should examine multiple factors across the social
ecological model in order to develop an understanding of
the complex nature of factors contributing to the aetiology
of obesity in children and adolescents. Although there is
evidence to suggest some variables predict the development
of excessive fatness in children and adolescents, no pro-
spective study has comprehensively assessed the association
of multiple variables and the interactions between variables
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on the development of excessive fatness using state-of-the-
art measures in a large, diverse sample of children and
adolescents.
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