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Preface to "Childhood Obesity: Nutrition and

Lifestyle Determinants, Prevention and Management"

The prevalence of obesity has significantly increased over the last four decades worldwide.

Obesity is associated with an increased prevalence of cardiometabolic disorders across the lifespan.

The etiology of obesity has been attributed to demographic, socioeconomic, behavioral (e.g.,

unhealthy nutrition and low levels of physical activity), prenatal, perinatal, and clinical risk factors.

However, their exact role, interplay, and mechanisms implicated in this process remain unclear. The

trends of childhood obesity call for actions regarding the prevention and management of this disease

early in life.

The Special Issue “Childhood Obesity: Nutrition and Lifestyle Determinants, Prevention and

Management” of the journal Nutrients has collected original articles and reviews to advance the

current knowledge on the role of lifestyle behaviors in the development of overweight and obesity,

provide evidence about the nutritional habits of overweight and obese children and adolescents,

and describe novel approaches for the screening, prevention, and management of obesity in youth.

Towards achieving these goals, twenty articles were published in this Special Issue, and their main

results are presented in the following paragraphs.

The studies by Sarintohe et al. and Thamrin et al. present new data regarding the prevalence

of obesity in Indonesia [1,2]. Sarintohe et al. focused on adolescents (n = 411) attending private

schools in Indonesia. According to the results, 36.3% of the participants were overweight, with the

prevalence being significantly higher in boys compared to girls (47% vs. 24%), in urban compared

to suburban areas (40.3% vs. 30.4%) and in adolescents who reported previous dieting at least once

compared to those who never followed a restrictive diet plan (49.8% vs. 23.1%). Interestingly, boys

living in urban areas were at higher risk of being overweight, suggesting that this specific group

may need to be prioritized in future obesity-prevention measures. Similarly, Thamrin et al. showed

that the prevalence of obesity was high in all the island clusters of Indonesia, which were included

in their study. Different distributions of determinants of obesity were also recorded in these areas,

highlighting the need for tailoring the policies and interventions to tackle the rising trends of obesity,

accordingly.

Two more cross-sectional studies focused on the impact of the COVID-19 pandemic on children’s

and adolescents’ lifestyle behaviors, well-being and body weight [3,4]. The COVEAT study by

Androutsos et al. was conducted during the first lockdown implemented in Greece in April–May 2020

and examined its influence on 397 children’s and adolescents’ body weights and lifestyle behaviors.

As expected, physical activity levels decreased, while sleep duration and screen time increased.

Regarding the dietary behavior, children’s and adolescents’ consumption of fruit, fresh fruit juices,

vegetables, dairy products, pasta, sweets, total snacks and breakfast increased. By contrast, fast-food

consumption decreased. More than 1 out of 3 participants increased their body weight during the

2-month home confinement, which may be attributable to their increased consumption of certain

foods/snacks and decreased level of physical activity. Similarly, the study by Morres et al. conducted

a web-based survey with 950 adolescents during the second lockdown period implemented in Greece

(November 2020–January 2021). This study showed that participants’ quality of life was below the

WHO threshold for possible depressive symptoms. In addition, low levels of physical activity and

eating behavior scores were recorded. Overall, the studies by Androutsos et al. and Morres et al.

highlighted the negative impact of the COVID-19 lockdown measures on children’s and adolescents’

lifestyles, well-being and body weights, indicating a need to support healthy lifestyles in potential
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future lockdowns and similar circumstances of home confinement.

The studies by Usheva et al. and Hampson et al. shed more light on the determinants of

obesity in early life [5–7]. More specifically, Usheva et al. examined the role of breastfeeding and

complementary feeding in a large-scale European cohort (ToyBox-study). In total, 7554 children from

six European countries (Belgium, Bulgaria, Germany, Greece, Poland and Spain) were included in

the statistical analyses. The percentage of families who adhered to the WHO recommendation of

exclusive breastfeeding for 6 months was particularly low (6.3%), while about half of the children

breastfed for 4–6 months, thus indicating a need for public health actions to support breastfeeding

in Europe. Moreover, the results of the two studies by Usheva et al. did not identify any significant

association between breastfeeding or the timing of solid food introduction and obesity at preschool

age, after adjusting for several potential confounders. Hampson et al. conducted a longitudinal study,

using data from the “Southern California Mother’s Milk Study”, to investigate the impact of infant

formulas made with added corn-syrup solids on Hispanic children’s eating behavior. At 2 years of

follow-up, the consumption of this type of formula led to the development of greater food fussiness

and reduced enjoyment of food compared to the observations recorded in breastfed children.

Guivarch et al. conducted a longitudinal study using data from the “EDEN mother-child

cohort” to explore the determinants of obesity in toddlerhood [8]. More specifically, the authors

examined the associations between an infant’s appetite (at months 4, 8, 12 and 24 of life) and

genetic susceptibility to obesity with parental feeding practices. The study showed that the genetic

susceptibility to obesity was not associated with parental feeding practices. Furthermore, the infant’s

appetite was associated with restrictive feeding, while the parents of boys with high appetite in

infancy more frequently used food to regulate their children’s emotions. Considering that parental

feeding practices comprise a key determinant for children’s nutritional intakes and, consequently,

their weight status, future obesity-prevention interventions should aim to improve them, possibly by

targeting parents’ perceptions of their children’s appetites.

The narrative review by Mahmood et al. examined the associations of parents’ dietary behavior

and practices with their children’s dietary behavior [9]. In total, 83 studies with data from

2–13-year-old children were included in this review and produced important results that are expected

to be considered for future dietary interventions in youth. First, family meals seem to play a crucial

role for modeling the dietary behavior of parents and their children, since it provides the time and

opportunity to interact and exert control wherever needed. Secondly, parental encouragement and

the avoidance of excessive pressure and restrictions against food consumption may support healthy

eating and set a basis for the prevention of overconsumption and excessive weight gain in childhood

and adolescence.

The cross-sectional study by Tani et al. included a sample of 5257 children aged 9–14 from Japan

and examined whether the cooking skills of caregivers could influence children’s dietary intakes and

weight status [10]. The results showed that caregivers with poor cooking skills cooked less frequently

at home and that their children were less likely to consume vegetables frequently, and they were at

high risk for being obese. These findings indicate a need to improve cooking skills as a strategy to

promote healthy eating and prevent childhood obesity.

The aforementioned risk factors, along with other risk factors previously described in the

scientific literature, contribute to the development of excessive weight gain and childhood obesity.

The detrimental effect of obesity on health is largely attributed to the excessive body fat. The study

by Orsso et al. aimed to describe the developmental trajectories of adipose tissue from intrauterine

life to adolescence, and highlight the determinants of adiposity [11]. Different developmental phases

were associated with different changes in body composition. The intrauterine factors influencing the
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development of adipose tissue included maternal health, maternal nutrition, exposure to toxins and

genetic predisposition, while in infancy, feeding practices and the gut microbiome played significant

roles. In puberty, sexual dimorphism in hormone secretion comprised the key determinant of

adiposity and was accompanied by other risk factors, such as dietary behavior, the gut microbiome

and immune cell function.

The short-term, negative effects of obesity on children’s health are well-known. The study by

Zapata et al. aimed to describe the potential effect of obesity on Caucasian children’s and adolescents’

resting energy expenditure (REE) [12]. Both the REE and body composition of the participants

were assessed using gold-standard techniques (i.e., indirect calorimetry and air-displacement

plethysmography, respectively). According to the results of this study, REE was not influenced

by obesity in children and adolescents after adjusting for fat-free mass (FFM). Another interesting

finding was that this association remained insignificant in 8–10-year-old children, although a positive

correlation between serum leptin and REE/FFM was recorded. These observations may be useful in

the estimation of children’s and adolescents’ energy requirements, as well as in understanding of the

impact of obesity on individuals’ health.

Previous studies have suggested that certain anthropometric indices widely used in clinical

practice, such as the body mass index (BMI), are not sensitive enough for identifying children at high

risk for developing cardiometabolic disorders. Therefore, the study by Chin et al. used data from the

“Adolescent Nutrition and Health Survey” in Taiwan and the “Multilevel Risk Profiles for Adolescent

Metabolic Syndrome Study” to test adipose indices that could identify adolescents with metabolic

syndrome [13]. Only body-fat- and lipid-enhanced adiposity indicators could identify adolescents

with metabolic syndrome, while the waist circumference in males and abdominal volume index in

females could be used to identify risk for metabolic syndrome in the transition from adolescence to

adulthood.

This Special Issue also includes four intervention studies, which focused on the prevention or

treatment of childhood obesity [14–17]. Zhu et al. implemented a school-based intervention to

decrease the consumption of sugar-sweetened beverages (SSBs) among children and adolescents

from China. The intervention was designed based on the ecological model, targeted multiple

levels for behavioral change (individuals, families, peers and school) and was implemented over

1 year by teachers in collaboration with public health doctors at the local community health

centers. The authors recorded significant reductions in both the frequency and the quantity of

SSBs consumed in the intervention compared to the control group, especially in the elementary

schools and in boys. Furthermore, the study by Lubrecht et al. examined the effectiveness of a

lifestyle intervention in children aged 2–18 years with severe obesity. More specifically, the authors

adopted a longitudinal design to compare the effects of a standardized intervention between younger

children (2–12 years old) and adolescents (13–18 years old) over a period of 2 years. The intervention

was delivered by a multidisciplinary team, consisting of pediatricians, dieticians, psychologists,

pedagogues, physical activity coaches and nurses, and included a personalized approach based on

the children’s/adolescents’ characteristics and needs. The findings showed that the BMI z-scores

tended to decrease more in children compared to in adolescents over time. The intervention led

to significant improvements in participants’ cardiometabolic indices (e.g., lipid profiles, the levels

of glucose metabolism indices, and alanine aminotransferase), indicating that lifestyle modifications

in severe obesity can produce clinically significant improvements in children’s’/adolescents’ weight

status and health. The study by Hawkins et al. implemented the “Healthy Schoolhouse 2.0 program”

in elementary schools in Washington, DC, USA, over a 5-year period. This study was specifically

designed to provide equitable access to the intervention for the participants and aimed to increase
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their nutrition literacy. During follow-up, an increase in students’ nutrition knowledge scores

was observed in the intervention group, especially among students whose teachers delivered three

nutrition lessons compared to those who implemented fewer. Finally, Jones et al. present the design of

a novel dietary intervention (RCT) in women with gestational diabetes, which aims to prevent obesity

among their offspring by the age of 3 years. This intervention will restrict energy intake through

women’s diets, using a whole-diet replacement, and the results are expected from 2026 onwards.

The review of Motevalli et al. introduced an “Etiology-Based Personalized Intervention Strategy

Targeting Childhood Obesity” (EPISTCO) model, which provides a guide to healthcare professionals

(HCPs) working with children to better understand the determinants of childhood obesity and then

deliver tailormade interventions according to children’s and adolescents’ personalized characteristics

and needs [18]. In this context, several biological, behavioral and environmental factors are assessed,

and the individual’s barriers and facilitators for the adoption of healthy lifestyle behaviors are

identified. The novelty of this model is that it includes a four-step, multicomponent intervention,

which foresees the personalization of the whole process by the multidisciplinary team of HCPs, thus

potentially increasing the effectiveness of the intervention.

The systematic review by Leme et al. focused on obesity-prevention strategies in adolescence

and compared the effectiveness of two types of interventions: those targeting energy balance

(decreasing energy intake and/or increasing energy expenditure) and those aiming to reduce

disordered eating behaviors to promote a positive food and eating relationship [19]. Both types

of studies demonstrated poor clinical outcomes, with the interventions focusing on energy balance

failing to support adolescents in maintaining the positive changes in their lifestyle behaviors and

weight status achieved during their implementation, while the second group of interventions were

not effective in reducing weight over time. Considering that the interventions aiming to reduce

disordered eating behaviors were effective in reducing adolescents’ body dissatisfaction, dieting and

weight-control behaviors, the authors suggested that new studies in this field needed to be considered

and designed accordingly to achieve weight loss.

Another study by Flores-Ramírez et al. reviewed the combined effects of L-citrulline

supplementation and aerobic training on vascular function in different age groups [20]. The

findings of this study provide evidence to support the implementation of moderate-to-high-intensity

interventions (duration: 12–32 weeks) for improving indices of vascular function and cardiovascular

risk factors. Moreover, L-citrulline supplementation seems to be effective in improving children’s

and adults’ nitric-oxide levels and the bioavailability of L-citrulline, which plays a pivotal role in

nitrogen homeostasis and improves various cardiovascular risk factors in adults (especially in those

with obesity). Given these results, the authors suggested that new interventions aiming to examine

the combined effects of L-citrulline supplementation and aerobic training on the vascular function of

children and/or young adults living with obesity and/or impaired metabolic profiles are needed to

address the negative impact of obesity on health in the early stages of life.

In conclusion, the results of the studies included in the Special Issue “Childhood Obesity:

Nutrition and Lifestyle Determinants, Prevention and Management” of the journal Nutrients show

high rates of childhood obesity; provide new insights regarding the use of novel methods in

identifying impaired cardiometabolic profiles in children with obesity, as well as on the role and

interplay of its determinants; and present new interventions and models for the prevention or

treatment of obesity in children and adolescents. With the hope that this new evidence will open

new horizons in the field of childhood obesity and will further improve the healthcare process in

pediatric health, the Guest Editors would like to thank all the contributors for the publication of this

Special Issue.
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Abstract: Prevalence rates of pediatric obesity continue to rise worldwide. Adipose tissue (AT)
development and expansion initiate in the fetus and extend throughout the lifespan. This paper
presents an overview of the AT developmental trajectories from the intrauterine period to adolescence;
factors determining adiposity expansion are also discussed. The greatest fetal increases in AT were
observed in the third pregnancy trimester, with growing evidence suggesting that maternal health
and nutrition, toxin exposure, and genetic defects impact AT development. From birth up to six
months, healthy term newborns experience steep increases in AT; but a subsequent reduction in AT is
observed during infancy. Important determinants of AT in infancy identified in this review included
feeding practices and factors shaping the gut microbiome. Low AT accrual rates are maintained
up to puberty onset, at which time, the pattern of adiposity expansion becomes sex dependent.
As girls experience rapid increases and boys experience decreases in AT, sexual dimorphism in
hormone secretion can be considered the main contributor for changes. Eating patterns/behaviors
and interactions between dietary components, gut microbiome, and immune cells also influence AT
expansion. Despite the plasticity of this tissue, substantial evidence supports that adiposity at birth
and infancy highly influences its levels across subsequent life stages. Thus, a unique window of
opportunity for the prevention and/or slowing down of the predisposition toward obesity, exists from
pregnancy through childhood.

Keywords: adipose tissue; obesity; children; adolescence; development

1. Introduction

Prevalence rates of childhood obesity continue to rise worldwide. Analysis of data pooled from
studies conducted between 1975 and 2016 revealed a 4.9% and 6.9% global increase in the prevalence
of obesity among girls and boys aged 5–19 years, respectively [1]. Although the etiology of obesity
is multifactorial, it can be simply defined as excess of body fat (or adiposity) [2]. Adipose tissue
(AT) is one of the largest organs in the body and provides protection and support for other organs
and acts as an endocrine tissue [3]. Recent research has shown the existence of varied AT subtypes,
but only the brown and white AT have been extensively characterized in humans [3,4]. Although
both AT types are important for energy homeostasis, they differ considerably given their characteristic
distribution, lipid composition, and cytokine profiles (Table 1) [3,4]. Notably, the thermogenic role of
brown AT contributes to insulin sensitivity and increased energy expenditure [5]. On the other hand,
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excess of white AT has been associated with metabolic dysfunction, reduced cardiorespiratory fitness,
and psychological disorders during childhood [6–8]. White AT is generally classified as subcutaneous
AT (SAT) or visceral AT (VAT); the latter is found in distinct depots (e.g., omental, epicardial, pericardial)
and composed of heterogeneous cell types depending on the depot, conferring them specific metabolic
signatures and capacity for development and expansion [9–11].

Adipose tissue development is a dynamic process. The first adipose cells, also called adipocytes,
appear during the intrauterine period and continue to develop and expand throughout life [12].
Although AT accretion in each stage of development follows a general pattern that is specific to that
stage, studies have shown that adiposity in prenatal life and infancy tracks into childhood and then
into adulthood [13–17]. Several components have been shown to contribute to healthy (or unhealthy)
AT growth, including genetic factors as well as prenatal and postnatal exposure to dietary, lifestyle,
and environmental factors. Thus, there has been an extensive effort to develop effective preventive and
treatment strategies targeting these determinants of AT expansion. In this narrative review, we describe
the trajectories of AT development from the intrauterine period to late adolescence and examine the
role of prenatal and postnatal factors that have been identified to contribute to its development and
expansion. Articles discussed here were identified through a literature search in PubMed from its
conception until August 2020. The search strategy consisted of a combination of keywords related to
the following concepts: AT development and expansion, life stages, fetal programming, breastfeeding,
environmental exposures, genetics, dietary intake, gut microbiome, and physical activity/exercise.
Here, we focus on white AT (at the tissue level), as it is the largest component of total fat mass (FM;
at the molecular level) and it has been extensively characterized in the pediatric population; specifically,
about 80% of AT is FM [18].

Table 1. Key differences in morphology, distribution, and primary function between white and brown
adipose tissues.

White Adipose Tissue [3,19] Brown Adipose Tissue [20]

Morphology

• Large unilocular lipid droplets: 95% of
cell volume is composed
of triglycerides

• Adipocytes with sparse
mitochondrial population

• UCP1 is not expressed

• Small lipid droplets (multilocular)
• Dense network of mitochondria and

vasculature in adipocytes
• High basal levels of the mitochondrial

UCP1

Distribution

• Found in subcutaneous and visceral
adipose tissues and ectopic depots

• Distribution varies across age, sex,
nutritional status, and
metabolic health

• Infants: interscapular and
perirenal regions

• Adults: cervical, supraclavicular,
axillary, and suprarenal regions

• Infants have greater amounts
than adults

• Individuals with obesity have lower
quantity than those of normal weight

Primary function

• Energy homeostasis: store lipids and
release energy in form of free fatty
acids and glycerol

• Endocrine: secretion of hormones,
pro-inflammatory cytokines

• Mechanical: protect organs against
external mechanical stress, prevent
heat loss (insulator)

• Cold-induced thermogenesis: produce
heat via the action of UCP1

• Energy expenditure

Abbreviation: UCP1: uncoupling protein 1.
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2. Adipose Tissue Development

The development and expansion of AT, with consequent increases in total body fat, are dynamic
processes that begin in the second trimester of gestation and extend throughout life (Figure 1) [12].
These processes involve either enlargement of adipocyte cells by augmented lipid storage
(i.e., hypertrophy) or increases in the number of adipocytes (i.e., hyperplasia) within a lobule through
differentiated progenitor or mesenchymal cells [21]. Sun et al. further classify the AT expansion into
healthy and unhealthy processes [22]. The first classification is related to the formation of small new
adipocytes that are adequately vascularized and minimal inflammation is present [22].

Figure 1. Schema representing the developmental trajectories of body fat from intrauterine life to
adolescence in healthy girls and boys. Note that although the lines depicting percent body fat in girls
and boys were plotted based on reference data from Fomon et al. [23] and Ellis [24], we did not intend to
provide values for this body compartment as it can vary depending on the body composition technique
used, race/ethnicity, and other factors. Herein, we intended to present an overview of the general
expansion patterns of adiposity stratified by sex.

On the other hand, unhealthy expansion is often observed in individuals with obesity under a
persistent positive energy balance [11,22]. In these individuals, there is a rapid increase of pre-existing
adipocyte size in SAT due to greater lipid accumulation. With inadequate angiogenesis, the tissue is
prone to hypoxia and adipocyte dysfunction. Because there is a limit for lipid storage in adipocytes,
adipocyte hypertrophy is followed by hyperplasia, or leakage of lipids to other tissues (e.g., liver
and muscle), and consequent de novo lipogenesis and lipotoxicity [11,22]. According to Sethi et al.,
the degree of toxicity will depend on the extent and duration of positive energy supply, effectiveness
of lipid transport and storage mechanisms, and organ oxidative capacity [25]. In contrast to this
“limited adiposity expandability” hypothesis, a recent study demonstrated that greater turnover of
triglycerides and mature adipocytes in abdominal and gluteal SAT of adolescents girls with obesity
may determine the accumulation of fat in the liver and metabolic dysfunction in this population [26].
Another hypothesis is that a persistent positive energy balance affects the secretion of adipokines
(e.g., leptin, adiponectin, tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6)), with implications
for glucose homeostasis and lipid metabolism and flux [25]. Further sections will discuss the trajectories
of both healthy and unhealthy AT expansion throughout growth stages as well as the evidence regarding
factors potentially contributing to AT in each specific life stage (Figure 2).
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Figure 2. Summary of factors discussed in this review that potentially contribute to adipose tissue
development and expansion in the early stages of life.

2.1. Intrauterine Adipose Tissue Accrual

Histological analysis of buccal fat pads from human fetuses revealed that intrauterine AT
development occurs in five different stages, with an overlap in stages 2 to 4 [27]. The first stage,
at 14 weeks, is marked by an outgrowth of loose connective tissue. Right after (stage 2 at 14.5 weeks),
there is an early vascularization of the tissue. Stage 3 is characterized by the onset of mesenchymal
cell growth at 19 weeks; although several studies have shown a mesodermal origin of these growth
cells, recent investigation using mouse models suggests that mesenchymal cells associated with head
AT formation originate from neural crest cells [28]. The first adipocytes appear in stage 4, and at
28 weeks (stage 5), fat lobules are formed and can be distinguished from other structures. Despite the
later development of adipocytes, findings from molecular body composition analysis estimated a
lipid accretion rate of 7.8 g/day at earlier stages (24–28 weeks) and increases up to 19.8 g/day at
36–40 weeks [29]. There is extremely limited knowledge on intrauterine AT accrual in the third
trimester of pregnancy due to the inability of current techniques to assess body composition [30].
Using magnetic resonance imaging (MRI), one study reported increases of 2.5 mm in the truncal AT
thickness of fetuses from weeks 29 to 39–40 of gestational age [31].

2.1.1. Health and Nutrition during Pregnancy as Determinants of Adipose Tissue

Prenatal maternal health and nutritional status have been shown to contribute to obesity
development during childhood and adolescence [32,33]. Findings from a large study including 1173
mother–child pairs (mostly Caucasians) demonstrated that maternal obesity during early pregnancy
was associated with a 0.63 standard deviation increase in body mass index (BMI) z-score (p = 0.006) and
a 11.5% increase in sum of skinfold thickness (p < 0.001) in children at 6 years old (adjusted analysis
for maternal covariates) [34]. More specifically, VAT thickness (measured by ultrasound) in the first
trimester explained the variations in newborn birth weight centile to the greatest extent compared to
SAT and BMI (R2 = 15.8%, p = 0.002) [35]. Interestingly, maternal diet quality (assessed by the Healthy
Eating Index—2015) during pregnancy and lactation was positively associated with infant percent
body fat (%BF) and FM (in kg, by air-displacement plethysmography (ADP)) at 6 months of age [36].
Furthermore, although it is clear that an imbalance between ω-6 and ω-3 polyunsaturated fatty acids
intake during pregnancy affects children’s neurocognitive development [37], the effects of prenatal ω-3
polyunsaturated fatty acid supplementation on children’s obesity risk and AT expansion remain to be
confirmed [38].

Increasing maternal blood glucose concentrations have been associated with adverse pregnancy
outcomes. The relationships between maternal glucose metabolism (assessed by oral glucose tolerance
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test (OGTT) and glycated hemoglobin) during pregnancy and children’s %BF at 10 to 14 years were
evaluated by Lowe Jr. et al. [39]. After adjusting for confounders (e.g., child’s sexual maturation,
adiposity, and maternal variables), the authors found that the odds ratio (OR) for having high %BF
(>85th percentile for age and sex; measured by ADP) during childhood and adolescence ranged from
1.14 to 1.18 for maternal glucose markers, all p < 0.05 [39]. Other studies also indicated that exposure
to gestational diabetes during fetal growth may impact children’s adiposity [40,41].

2.1.2. Effects of Intrauterine Exposure to Toxins on Adipose Tissue Development

Maternal exposure to toxins and endocrine disrupting chemicals, such as bisphenol A that is
found in plastics, has been shown to affect fetal AT development [42]. Bisphenol A appears to cross the
placenta, and researchers have quantified human exposure in several body fluids, including breast milk,
umbilical cord blood, and amniotic fluid. Although several animal studies confirm prenatal exposure to
bisphenol A and its effects on health through the peroxisome proliferator-activated receptors pathways
(see Shafei et al., for a detailed description on the mechanism), epidemiological studies have not been
conducted to investigate the implication of bisphenol A in adiposity development in humans [43].
The effects of prenatal exposure to smoking and air pollution on infant adiposity and body weight
have been Start evaluated in the Healthy study [44,45]. Infants born from mothers who were active
smokers or exposed to second-hand smoke during gestation had lower birth weight and FM (by ADP)
than non-exposed infants [44]. Furthermore, researchers found positive associations between ozone
in the third trimester of pregnancy and infant adiposity at the five-month follow-up, although the
average of air pollutants was considered low [45].

2.1.3. Genetic Defects

Structural changes in genes including deletions, variations, or mutations in proteins responsible
for encoding proteins related to metabolism and appetite regulation can lead to genetic forms of
obesity [46]. These genetic variants can be inherited in an autosomal or x-linked pattern, and there are
currently three classifications for genetic obesity: monogenic, syndromic, and polygenic obesity [46].
Monogenic non-syndromic obesity results from a single-gene mutation associated with increased
appetite (i.e., hyperphagia), early onset severe obesity, and endocrine dysfunction in some patients [47].
Several single-gene mutations have been identified, including dysfunctions in the leptin (LEP)
gene and its receptor (LEPR) or regulator (SH2B adaptor protein 1 (SH2B1)), proopiomelanocortin
(POMC) gene, and melanocortin 4 receptor (MC4R) [47]. Syndromic obesity results from single- or
multiple-gene mutations but differs from the other two by the characteristic cognitive delay, dysmorphic
features, extreme hyperphagia, organ-specific abnormalities, and other characteristics of hypothalamic
dysfunction [48]. More recently, analysis of whole-exome sequencing data from a large cohort of
children with severe early onset of obesity revealed variants in the pleckstrin homology domain
interacting protein (PHIP) that were associated with obesity, either in the presence or absence of
developmental delay [49]. Using in vitro analysis, the authors further demonstrated that variants in the
nuclear PHIP suppressed the transcription of the POMC gene, which may contribute to hyperphagia [49].
On the other hand, polygenic obesity is characterized by multiple-gene dysfunction that results in
obesity due to their interaction with the environment [50]. Importantly, polygenes enclose one allele
that is susceptible to higher and another to lower body weight. More than 100 polygenes associate
with body weight regulation have been described as a result of the implementation of genome-wide
association studies. It is not our intent to describe the clinical features of these genetic forms of obesity;
thus, we refer the readers to the recent reviews cited above.

2.2. Postnatal and Infant Adipose Tissue Accrual

Soon after birth, newborns lose body weight due to changes in hydration of fat-free mass (FFM),
but not FM [51], as an adaptation to extrauterine life. Fat mass development is marked by steep
increases from birth up to 6 months of age and a subsequent reduction in the rate of FM accrual
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in healthy term boys and girls, as assessed by multicompartment model [52]. In fact, %BF accrual
during infancy also differs between term and preterm newborns. Preterm infants at term-corrected
age (i.e., chronologic age adjusted for gestational age) had higher %BF (14.8% ± 4.4% by ADP) than
term infants (8.6% ± 3.71%, p < 0.0001) [53]. Similar findings using ADP were reported by Ramel
et al. in a longitudinal analysis; preterm infants with appropriate size for gestational age (AGA) at
term-corrected age had higher %BF than term infants (17.8% vs. 15.2%, p < 0.0001), but these differences
disappeared in measures obtained at 3 to 4 months (27.7% vs. 23.9%, p = 0.07) [54]. Regarding the
distribution of body fat, Toro-Ramos et al. summarized the findings from several studies reporting
infant body composition data and highlight the predominance of SAT rather than VAT in the first
months of life [30].

Compared to AGA infants, those infants born small for-gestational age (SGA) were shown to
have lower %BF by ADP at term birth [55]. According to Zegher et al., the greater levels of circulating
preadipocyte factor 1 (Pref-1) found in SGA than in AGA newborns may partially explain the impaired
intrauterine AT development [56], as Pref-1 has a role in suppressing adipocyte differentiation [57].
In contrast, SGA infants experienced subsequent rapid gains in body weight and normalization of
%BF by one year, which has been associated with metabolic disturbances [56]. Catch-up in growth was
accompanied by thicker carotid intima-media thickness at 1 and 2 years old, and greater pre-peritoneal
fat at 2 years old; however, no differences in cardiovascular markers or cardiac morphometry were
found [56]. Furthermore, findings from the Generation R Study revealed that children with a growth
pattern characterized by negative fetal weight gain, but consecutive increases in weight during infancy,
had the greatest VAT volume (by MRI adjusted for height cubed) and liver fat fraction at a mean age of
9.8 years [58]. In order to further investigate the molecular mechanisms underlying the associations
between catch-up growth and metabolic disturbances, animal models may be used; it is noteworthy,
however, that researchers should interpret the findings in view of the litter sizes, as smaller ones may
have greater access to food leading to overfeeding and higher rates of early growth [59].

2.2.1. Associations between Feeding Practices and Adipose Tissue in Infancy

Feeding practices during infancy have been associated with excess adiposity. The benefits
of breastfeeding to infant’s health have been extensively described in the literature and includes,
for example, improved immunity and cognitive development [60,61]. However, there is contradictory
evidence on whether breastfeeding influences AT development. One study has shown positive
associations between exclusive breastfeeding duration and %BF (by ADP) and SAT (by ultrasound),
but not VAT at 3 and 6 months [62]. Comparisons between breastfed and formula-fed healthy
newborns from low-risk pregnancies revealed greater %BF (using ADP) at 3 and 6 months in those
who were breastfed [63]. In contrast, no differences in %BF or FM (also by ADP) were found between
predominantly breastfed and exclusively formula-fed infants at 1, 4, and 7 months of age in another
study [64]. Some evidence suggests that feeding practices determine the extent of FM accretion
and metabolic disturbances in SGA infants early in life [65]. More specifically, breastfed SGA and
AGA infants had similar FM levels (by dual-energy X-ray absorptiometry (DXA)) and greater insulin
sensitivity at 12 months, whereas SGA infants fed with a protein-rich infant formula experienced gains
in FM and decreases in high-molecular-weight (HMW) adiponectin and elevated levels of insulin-like
growth factor 1 (IGF-1) [65].

Indeed, the nutrient content of human milk appears to influence AT development as negative
associations between carbohydrate content in human milk and FM or %BF (by ultrasound) have
been reported in infants aged 2, 5, 9, and/or 12 months [66]. Differences in human milk fatty acid
composition have also been shown to determine adiposity in exclusively breastfed infants [67,68].
For example, %BF (by ADP) increased 4.7% in infants (from the ages of two weeks to four months) for
each 1-unit increase in the ω-6 to ω-3 polyunsaturated fatty acids ratio (p = 0.010) in human milk [67].
Specifically, human milk samples with a high ratio of ω-6 to ω-3 polyunsaturated fatty acids had greater
concentrations of pro-inflammatory cytokines (IL-6 and TNF-α) than samples with medium and low
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ratios, which stimulated the expression of genes responsible for depositing triacylglycerol in adipose
cells [68]. Furthermore, associations between hormones in breast milk and infant adiposity measures
have also been investigated; higher levels of leptin and intermediate levels of insulin were found to be
associated with lower weight-for-length and BMI z-scores at 4 and 12 months of age, independent of
several covariates (i.e., maternal pre-pregnancy BMI, ethnicity, parity, diabetes, smoking, breastfeeding
exclusivity at sampling, and lactation stage) [69]. Thus, infants may respond differently to breastfeeding
regarding AT development because nutrient and hormone content of human milk, which varies among
mothers, can affect this association.

The time of complementary feeding introduction is also a determining factor for adiposity accrual
early in life and during childhood. A prospective study has shown that children who were breastfed
during infancy and had complementary feeding initiated earlier than 4 months had a greater likelihood
of presenting with higher truncal fat (by DXA) in mid-childhood (β = 0.33 [95% CI, 0.01, 0.65]) and early
adolescence (β = 1.20 [95% CI, 0.33, 2.06]) than breastfed children who had complementary feeding
initiated at 4 to 6 months [70]. Similar associations were found in formula-fed children; complementary
feeding earlier than 4 months was positively associated with truncal fat at mid-childhood (β = 0.52
[95% CI, 0.07, 0.97]) and %BF at early adolescence (β = 2.55 [95% CI, 0.20, 4.91]). Interesting, 82% of the
children who received complementary feeding at earlier than 4 months had infant cereals, whereas
30% had fruits, 22% were fed vegetables, and 30% fruit juice [70].

2.2.2. Gut Microbiome

The gut microbiome during the first years of life also plays a role in adiposity development and
is influenced by several factors, including mode of delivery, feeding practices, antibiotic and drug
use, and environmental exposures [71]. The associations between these factors and risk of obesity
development have been evaluated in humans [72–74]. For example, a report from the Canadian Healthy
Infant Longitudinal Development (CHILD) birth cohort has shown that infants born by caesarean
delivery from mothers with overweight were five times more likely to present as overweight by one
year old [73]; this association was mediated by the abundance of organisms from the Lachnospiraceae
family, which was high in the infant gut microbiome at 3–4 months old. Additionally, a subset of
breastfed infants from the same birth cohort had a lower risk of becoming overweight at 12 months than
formula-fed infants; authors also found a negative association between breastfeeding exclusiveness
and the abundance of Lachnospiraceae organisms [75]. Regarding antibiotic use, a recent meta-analysis
found a small association between antibiotic use during infancy and risk of children becoming
overweight or obese (based on weight indices) at older age (OR = 1.05; 95% CI 1.00, 1.11), as previous
studies have presented controversial results [74]. Despite these findings, mechanistic studies using
germ-free animal models have confirmed the causal role of gut microbiome in the obesity pathogenesis
and the associations between Lachnospiraceae family and adiposity development [76–79]. Please see
Kincaid et al. for a comprehensive review of the literature discussing the most recent animal and human
evidence on the interactions between gut microbiome, early life exposures, and obesity onset [78].

2.3. Adipose Tissue Development in Childhood and Adolescence

There are a limited number of studies evaluating adiposity between the ages of two and five due to
limitations of current body composition techniques, including lack of age-specific predictive equations,
minimal movement required for exam success, and lack of appropriate devices for small bodies or
that can be used in children across all age stages (e.g., ADP is unavailable for children aged two to six
years) [80,81]. Using data from reference children, Fomon et al. reported low %BF accrual rates in
early childhood, with boys and girls presenting with 19.5% and 20.4% of %BF at 2 years and 14.6%
and 16.7% at 5 years, respectively [23]. More recently, Wells et al. reported cross-sectional reference
data for adiposity (FM and FM index (FMI)) estimated by isotope dilution from the ages of 6 weeks to
5 years old [82]. However, several studies in populations with varied ethnic origins have reported
body composition reference data for late childhood and adolescence, as summarized below.
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Using a longitudinal design, McConnell-Nzunga et al. investigated the %BF accrual (by DXA)
in Canadians of Caucasian and Asian origins from ages 10 to 18 years [83]. The authors found that
those children in the highest %BF centiles (90th and 97th) had greater increases in %BF from 10 to
11 years, but a sharp reduction from 12 to 15 years. In a study on Caucasian children from Southern
England, %BF peaked at age 11 years for those in the 50th percentile; after this age, %BF decreased
in boys but rose progressively up to 18 years in girls [84]. Comparing %BF between sexes at age 18,
girls had 60% more %BF than boys. A similar pattern of %BF accrual was observed in a recent study
in Southern Brazilians; although a cross-sectional design was used to acquire data, girls in the 50th
percentile had higher %BF with advancing ages. It is interesting to note that the 50th percentile had a
flat shape in boys, but the 97th showed a lower FM (kg) from 13 to 16 years, which was again higher
with older ages [85]. In summary, although these studies have assessed body composition in children
and adolescents of distinct ethnic origins, adiposity accrual appears to follow a similar pattern across
ethnicities. With the onset of puberty, adiposity levels decrease in boys along with concurrent FFM
increases, while adiposity increases in girls.

Similar to whole-body adiposity accrual, the pattern of adiposity distribution is also sex dependent.
For instance, Taylor et al. compared FM in the trunk, waist, and hip lines (measured by DXA) between
males and females at different pubertal stages [86]. Sex differences in trunk fat appeared at late puberty
(Tanner stages 4–5), with boys having 17% greater trunk fat than girls (p < 0.001). Regarding FM at
the waistline (i.e., android fat), sexual dimorphisms were observed at all puberty stages (boys having
greater fat than girls); on the other hand, girls had greater amount of fat at the hip (i.e., gynoid fat)
than boys [86]. Using MRI, a more accurate technique, Shen et al. compared SAT and VAT between
sexes; results from regression analysis showed sexual dimorphism in SAT also after entering puberty,
with girls having a larger SAT volume than boys [87]. Differences in VAT between sexes were not
significant during adolescence but became clearer with advancing age. An ecological explanation for
this sexual dimorphism is that with puberty, females need to store energy in SAT for the subsequent
period of pregnancy and lactation [88]. We refer the readers to Chang et al. [89] for a recent review on
potential factors explaining the sex differences in AT development, expansion, and metabolism.

It is also noteworthy that adolescent pregnancy may affect the patterns of adiposity expansion to
support fetal development as well as to prepare the mother for the lactation period [90]. However,
there is limited data on maternal body composition during gestation in adolescents or adults due to the
changes in uterine contents and total body water that affect the technique’s underlying assumptions [90].
In adults, gains in whole-body FM occur throughout pregnancy, as assessed by four-compartment
models [91,92], and ADP and quantitative magnetic resonance [93]. Furthermore, pregnant women
experience marked increases in thigh and suprailiac skinfolds (which are surrogate measures of
subcutaneous AT) during the first six months of gestation but mobilization of these adiposity depots in
the last 10–12 weeks of pregnancy to enhance fetal growth [94]. To our knowledge, only one study has
compared skinfold thickness between pregnant adolescents and adults across gestation [95]. During the
first 28 weeks of gestation, growing adolescents showed small increases in triceps and subscapular
skinfolds compared to those adolescents who had already attained peak growth and adults, but no
differences between groups were found for skinfold thickness at 28 weeks. Even though this study
did not assess lower body adiposity, the authors further showed that growing adolescents continue to
deposit adiposity in the trunk and arm after week 28 up to postpartum, whereas mature adolescents
and adults experienced decreases in these adiposity depots [95].

2.3.1. Hormonal Influences on Adipose Tissue Expansion among Boys and Girls

Hormonal differences between boys and girls also explain the characteristic sexual dimorphism of
whole-body adiposity and its distribution patterns at puberty [96]. The levels of estrogen, a hormone
responsible for suppressing appetite and increasing energy expenditure, are higher in females [96].
Besides regulating energy metabolism, estrogen also increases sympathetic tone and downregulates
androgen receptors expression in SAT, favoring lipid accumulation in this fat depot in females [97]. It is
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noteworthy that girls with obesity enter puberty at younger ages than girls with normal weight [98].
The adipokines leptin and adiponectin may play a role in the inverse association between menarche onset
and weight status by modulating the hypothalamic–pituitary–gonadal axis [99]. Briefly, leptin activates
the hypothalamus through secretion of the hormone kisspeptin to secrete gonadotropin releasing
hormone. This hormone then activates the pituitary gland to produce follicle stimulating hormone and
luteinizing hormone, resulting in the secretion of estrogen by the ovaries and, consequently, menarche
onset. On the other hand, adiponectin inhibits the secretion of gonadotropin releasing hormone and
delays puberty onset [99].

2.3.2. Dietary Intake and Interactions with Gut Microbiome

Studies have also investigated the implications of dietary patterns on AT expansion during
childhood and adolescence. After following 325 children for four years (age period from 3.8 to 7.8 years
old), Wosje et al. observed an association between higher fried-food intake and higher FM (using DXA)
after adjusting for several biological and lifestyle covariates [100]. Furthermore, a positive association
between glycemic load at 9.6 years old and %BF (by DXA) at 11.7 years old was reported in children at
risk of obesity (parents with obesity) [101]. Prospective studies evaluating the associations between diet
quality at baseline and FM (by DXA) at follow-up revealed mixed findings. Lower diet quality indices
in mid-childhood (8 to 10 years) [102] were associated with greater FM at follow-up (at 10 to 12 years
old, respectively). Contrary to these results, Nguyen et al. reported that positive associations between
diet quality and BMI were explained by greater FFM index and not %BF or FMI [103]. The different
approaches used to calculate the diet quality index may partially justify the heterogeneous findings.

Appetite and eating behaviors have been shown to influence the development of childhood obesity,
as regulation of food intake contributes to energy homeostasis. According to Boswell et al., appetite is
related to physiological (homeostatic) and psycho-social needs (hedonic), and eating behaviors are
the actions during eating events [104]. In the absence of physiological energy needs, consumption of
palatable food characterizes the hedonic eating and triggers the release of dopamine in the nucleus
accumbens, leading to overeating and consequent obesity [105]. Thus, hedonic eating is driven by
the reward of food consumption and not by metabolic need. Eating behaviors are influenced by
many factors, including mothers’ eating behaviors [106], stress [107], attention-deficit/hyperactivity
disorder [108], and eating disorders (e.g., binge eating and lack of control over eating) [109].

Expansion of AT can also occur during childhood and adolescence as a result of the interactions
between dietary components, gut microbiome, and immune cells [110]. A diet low in fermentable
fibers is particularly associated with suboptimal production of short-chain fatty acids by the gut
microbiome, limiting the beneficial secretion of anorexigenic hormones, anti-inflammatory cytokines,
and mucin on the protective intestinal mucus layer [111–113]. Furthermore, a high-fat diet has
been shown to promote metabolic endotoxemia, which can lead to increases in AT, inflammation as
well as diabetes [114]. Regarding microbiome composition, children with obesity presented with a
lower abundance of the beneficial bacteria Akkermansia muciniphila [115] (known to promote barrier
integrity) and enriched Bacteroides eggerthii [116] and Bacteroides fragilis [117] (positively associated
with adiposity and inflammation). Moreover, negative associations between adiposity indices and the
abundance of A. muciniphila have been consistently reported in the pediatric population and in animal
studies [118,119]. Indeed, an elegant study by Everard et al. demonstrated that treatment with isolated
and viable A. muciniphila restored the intestinal mucus layer, reduced inflammation, and decreased
the ratio of FM/lean mass in mice with diet-induced obesity; one of the proposed mechanisms was
through increases in circulating endocannabinoids [119].

2.3.3. Physical Activity

Children with obesity generally report lower moderate-to-vigorous physical activity (MVPA) [120]
and greater time spent in sedentary behaviors [121], which have been associated with greater adiposity
measures [122]. As several randomized controlled trials (RCTs) investigating the effects of exercise on
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%BF, FM, or AT in healthy children across weight status have been published to date, pooled analyses
of their findings were made possible through meta-analyses [123–125]. For example, García-Hermoso
et al. reported an effect of a supervised exercise intervention on reducing body fat in children with
either healthy weight or overweight/obese, independent of mode and intensity [123]. It is noteworthy,
however, that most of the included studies have combined exercise with additional interventions
(i.e., dietary counseling and environmental changes), concealing the direct effect of exercise on adiposity
measures. Another recent meta-analysis including RCTs of exercise-only interventions with a duration
≥4 weeks in children with overweight or obesity compared the effects of exercise mode on FM and
%BF [124]. Pooled data analysis revealed that combining aerobic and strength exercises resulted in
the greatest reductions of adiposity measures, although aerobic exercise alone also reduced adiposity
compared to control arms. Moreover, supervised exercise alone was shown to promote reductions in
both VAT and SAT in children with overweight or obesity [125].

Even though the meta-analyses discussed above reported positive effects of exercise on
adiposity measures, some studies did not observe changes in this body compartment after exercise
interventions [126,127]. For instance, a 12-week high-intensity interval training combined with dietary
counseling did not result in changes in FM or %BF (by DXA) and abdominal VAT and SAT (by MRI) as
observed in children with obesity aged 7 to 16 years old [126]. As one of the proposed pathways for
lipolysis is through the release of growth hormone, the authors suggested that the reduced growth
hormone levels and catecholamine responses to acute exercise can be associated with a disadvantage
in reduction of adiposity in children with obesity [126]. Another explanation for the lack of positive
exercise effects on adiposity resides in the constrained model of energy expenditure proposed by
Pontzer [128]. According to the author, the human body compensates for the increases in energy
expenditure through exercise by reducing the energy expended in non-physical-activity metabolic
activity; therefore, a negative energy balance that results in adiposity changes is unlikely to occur.
More recent studies in the adult population have shown that increases in dietary intake accompanied
by exercise initiation is a mechanism often observed that contributes to compensation [129,130].
In adolescents with obesity, energy intake ad libitum was greater at the end of long-term exercise
programs (≥12 weeks) compared to baseline, with compensation being a characteristic of restrained
eaters [131,132]. Additionally, the timing of exercise in relation to meal also appears to influence
prospective food consumption in adolescents with obesity; although no significant differences were
found in ad libitum total energy intake after 60 or 180 min from an exercise session (30 min), exercising
closer to lunch time (60 min) led to a reduction of 170 kcal in energy intake [133].

Studies investigating the effects of school- and community-based programs, with a physical
activity component, on childhood obesity prevention have been conducted worldwide. To summarize
previous research, a systematic review evaluated adiposity-related outcomes from interventions
of different designs and found that most of the school-based programs that were RCTs showed
improvements on these outcomes [134]. However, community-based programs have yielded
mixed findings [134]. After reporting null results on anthropometric indices of adiposity from
a two-school-year, community-based healthy lifestyle program conducted in four Spanish cities
(children aged 8–10 years), Gómez et al. discussed the limitations that could have contributed to the
findings [135]. According to the authors, the young age of participants, length of follow-up, intervention
components, and inability to change the environment and current policies were determinant factors
that should be addressed in future investigations [135].

3. Associations between Adipose Tissue in Childhood and Adulthood

There is evidence that the amount of adiposity at birth and during the first year of life determines
its levels in childhood, albeit only a few studies have investigated longitudinal adiposity changes
using body composition methods [14–17]. As an example, Admassu et al. explored the associations
between FM (assessed by ADP) at term birth and at 4 years of age in healthy Ethiopians [17]. For every
increase of 1 kg in FM at birth, there was a 1.17 kg/m2 rise in FMI at 4 years old. In addition, FM accrual
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in the first four months was positively associated with FMI at 4 years (β = 0.30; 95% CI = 0.12, 0.47),
after controlling for several sociodemographic and parental covariates [17]. Regarding the tracking
of adiposity from childhood to adulthood, a 20-year longitudinal follow-up study showed that
whole-body and trunk FM z-scores (by DXA) early in life (entry age 8–15 years) were predictors of
these body compartments by the age of 28 years [136].

Studies examining AT samples obtained from biopsies have been conducted to elucidate adipocyte
development and expansion during infancy, childhood, and adulthood [137,138]. In a cross-sectional
study, infants showed increases in cell size to an adult level from ages 6 months to one year,
with reductions between one and two years [137]. Researchers were able to stratify the analysis by
weight categories only after age of two year, and it was noted that cell size was greater in children
with obesity compared to that in children without obesity. In children of normal weight, adult levels
for adipocyte size were reached at 11 to 13 years old; however, cell size in children with obesity was
similar to that of adults at age two. Regarding adipocyte cell number, increases were found throughout
childhood and adolescence for children with obesity; but those children of normal weight had
differences in cell number only after 10 years old [137]. Longitudinal analysis of AT samples confirms
a similar pattern of adiposity accrual in cell size and number across infancy and childhood [137].
Furthermore, Spalding et al. compared results from a study in childhood and adolescence with data
obtained in adults (aged 20 years and older) and observed no further increases in the number of
adipocytes during adulthood [139]. Differences in adipocyte morphology and metabolism also exist
across AT depots [9]. In this context, Tarabra et al. reported that adipocytes from omental AT samples
were smaller but had a greater lipolytic activity than abdominal SAT in adolescent girls (16–22 years
old) with severe obesity [140].

Although adults with obesity showed a greater amount of AT cells than those of normal weight,
the number of cells remained similar to that observed at younger ages [21]. More recently, research using
in vivo analysis has shown that adipocyte cells can undergo a process called de novo adipogeneses
(i.e., adipocyte turnover) contributing to obesity onset [141]. Once adulthood is reached, there is also a
pattern that is specific to weight status with regards to adipocyte turnover (death of adipocytes and
generation of new cells). For example, although there seems to be no differences in the death rate of
adipocytes across weight status, adults with obesity had 2.6 times the number of adipocytes generated
per year than adults with normal weight [139].

These findings, however, should be interpreted with caution due to the technical limitations of AT
biopsy and analysis, anatomic sampling location, and interindividual variability [9,142,143]. In fact,
Laforest et al. compared the diameter of adipocytes from abdominal SAT of adult women using three
distinct techniques (i.e., collagenase digestion, osmium tetroxide fixation, and histological analysis)
and found different results between these approaches [143]. Using counting methods, previous studies
have estimated the percentage of adipocytes in AT ranging from ∼15% to ∼93%, as reviewed by
Lenz et al. [9]. Furthermore, it has been suggested that the lipid droplet may not be completely
apparent in AT cross-sectional slices, which can limit the findings from counting methods [9,144].
Techniques considered of superior accuracy have been used in more recent research [9,142]. For instance,
Glastonbury et al. demonstrated, through analysis of RNA-Seq-based gene expression profile, a median
percentage of 62% adipocytes for lower-leg AT samples obtained by surgical incision (Genotype-Tissue
Expression project) and 82% for abdominal AT samples by punch biopsies (Twins UK study) in
adults [142]. Another study employed a combination of whole-tissue microarray and RNA-Seq-based
gene expression profile to evaluate adipocyte content in different AT depots, and showed that SAT has
the greatest proportion of adipocytes (74%) followed by omental AT (∼66%) [9]. To move forward,
standardization of biopsy techniques and biobanking of samples of larger cohorts with at least different
biologic characteristics (age, sex, ethnicity, and weight status) are necessary.

In individuals with obesity, the expansion of AT also occurs with concomitant accumulation
of AT macrophages (specifically, M1 macrophages) and consequent secretion of pro-inflammatory
cytokines. To our knowledge, although longitudinal studies have not yet been conducted in humans to
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evaluate whether macrophage infiltration early in life determines adiposity inflammation in adulthood,
there is some evidence that the unhealthy AT expansion takes place across the lifespan. For instance,
TNF-α expression in macrophages was greater in cord blood samples from neonates born of mothers
with obesity than that in those born of mother without obesity [145]. Furthermore, children with obesity
had greater number of macrophages infiltrated in AT compared to that of their lean peers (p < 0.001);
however, macrophage number was not correlated with serum levels of high-sensitivity c-reactive protein
(hs-CRP) nor IL-6 and TNF-α (serum levels and AT expression) [138]. Among adolescents with obesity,
those with higher proportions of VAT to total abdominal obesity had also greater AT macrophage
infiltration and expression of genes related to the inflammasome containing leucine-rich containing
family, pyrin domain containing 3 (NLRP3), which are responsible for mediating pro-inflammatory
responses [146]. Moreover, the expression of AT macrophages in both SAT and VAT was positively
associated with adiposity measures in adults [147,148]. It is noteworthy that the macrophage profile
appears to be AT depot specific [9,149,150]. To our knowledge, only one study compared SAT and
omental AT in adolescent girls with severe obesity; although the differences were not statistically
significant, omental AT had a smaller infiltration of CD68+ cells than abdominal SAT (p = 0.09) [140].
Moreover, a greater infiltration of macrophages (CD8+ and CD4+ T cells) in epicardial and pericardial
AT were found in samples from patients with coronary artery disease and congenital heart disease [9].
Given the pro-inflammatory profile of epicardial and pericardial AT, several studies have investigated
their roles on chronic diseases, such as diabetes [151] and cardiovascular diseases [152].

Further cues concerning the etiology of obesity and its related metabolic comorbidities are available
from studies investigating monozygotic twins discordant for body weight, in which the influences of
intrauterine, genetic, biological (i.e., sex, age, and race/ethnicity), and environmental factors can be ruled
out [153,154]. These studies have shown twin pairs clustering into groups of distinct metabolic profiles,
despite the marked differences in whole-body adiposity within the pairs. Specifically, some twin
pairs were metabolically healthy, whereas others had only the co-twin with obesity presenting with
concurrent metabolic dysfunction (e.g., fatty liver, insulin resistance). Furthermore, biopsies of
abdominal SAT revealed a unique metabolic signature in the co-twins with obesity and metabolically
unhealthy, characterized by downregulation of mitochondrial oxidative pathways and upregulation
of inflammatory pathways [153,154]. Larger adipocyte size was also observed in the co-twin with
obesity compared to the leaner co-twin [153] and in those with metabolic dysfunction [154]. Thus,
these findings suggest that factors other than genetics and early life programming of AT may determine
obesity and related metabolic comorbidities at adulthood, but previous weight-discordant twin studies
have not been powered to determine these factors.

4. Conclusions and Perspectives

This narrative review discussed the trajectories of AT development from the prenatal period
up to adolescence and identified potential factors determining AT expansion (Figures 1 and 2).
We identified that studies assessing developmental trajectories of this body compartment in early
childhood (especially from ages 2 to 5 years) are extremely limited. Further research is needed to
determine body composition techniques that, when used solely, are accurate and capable of depicting
changes in adiposity across the lifespan. Indeed, with this gap in research filled, body composition
reference data will be available in multiethnic populations with a varied weight status, contributing to
a better understanding of the healthy and unhealthy trajectories of adiposity development. Future
longitudinal studies should also evaluate the distribution of AT into distinct SAT and VAT depots
throughout childhood and adolescence. Despite these limitations, our work supports the argument
that the interval between pregnancy to childhood provides a unique window of opportunity for the
prevention of obesity and related comorbidities. Once high levels of adiposity are set, the negative
effects of adiposity become noticeable. Thus, these preventive strategies should focus on ensuring
adequate maternal nutrition and reduced exposure to toxins for a healthy pregnancy as well as targeting
feeding/eating practices and behaviors and gut microbiome composition in infancy and childhood.
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Abstract: An effective behavior change program is the first line of prevention for youth obesity.
However, effectiveness in prevention of adolescent obesity requires several approaches, with special
attention paid to disordered eating behaviors and psychological support, among other environmental
factors. The aim of this systematic review is to compare the impact of two types of obesity prevention
programs, inclusive of behavior change components, on weight outcomes. “Energy-balance” studies
are aimed at reducing calories from high-energy sources and increasing physical activity (PA) levels,
while “shared risk factors for obesity and eating disorders” focus on reducing disordered eating
behaviors to promote a positive food and eating relationship. A systematic search of ProQuest,
PubMed, PsycInfo, SciELO, and Web of Science identified 8825 articles. Thirty-five studies were
included in the review, of which 20 regarded “energy-balance” and 15 “shared risk factors for
obesity and eating disorders”. “Energy-balance” studies were unable to support maintenance weight
status, diet, and PA. “Shared risk factors for obesity and eating disorders” programs also did not
result in significant differences in weight status over time. However, the majority of “shared risk
factors for obesity and eating disorders” studies demonstrated reduced body dissatisfaction, dieting,
and weight-control behaviors. Research is needed to examine how a shared risk factor approach can
address both obesity and eating disorders.

Keywords: obesity; eating disorders; adolescents; prevention programs; systematic review

1. Introduction

Pediatric obesity is a well-accepted major public health concern [1]. The World Health Organization
(WHO) defines pediatric obesity as a body mass index (BMI) at or above the 95th percentile among
children and adolescents of the same age and sex, often measured on BMI growth charts [2]. The global
age-standardized prevalence of obesity increased more than 5% for girls and almost 8% for boys
over the last 40 years [2]. Causes and effects of obesity are complex and multifaceted, and obesity is
associated with increased risk of these chronic conditions, such as cardiovascular diseases, type II
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diabetes, and certain types of cancer. However, children with obesity experience weight stigmatization,
defined as the societal devaluing of an individual because of their body size [3], which often manifests
in childhood as weight-based teasing and bullying [3].

Due to this stigmatization, obesity in youth has been shown to be a risk factor for psychopathology,
which may manifest itself through body dissatisfaction, shape and weight concerns, and dieting and
eating disorder behaviors, such as binge eating and purging [4,5]. Research has also shown that
obesity in youth is associated with sneaking and hoarding food, eating when not hungry, and feelings
of self-consciousness or embarrassment when eating in front of others [6,7]. Although disordered
eating behaviors and eating disorders both encompass a broad array of dimensional maladaptive
cognitions and behaviors relating to eating and weight, they differ in their diagnosis. The term “eating
disorder” refers to a psychiatric disorder and include the following four categories: anorexia nervosa
(AN), bulimia nervosa (BN), binge eating disorder (BED), and avoidant restrictive food intake disorder
(ARFID) [8]. Those individuals who do not meet the specific diagnostic criteria of an eating disorder
may fall into the category of a weight-related disorder, which includes disordered eating behaviors [9].
Thus, research exists to support the assessment of obesity-related problems should include disordered
eating as disordered eating behaviors and obesity have similar risk factors, such as body dissatisfaction
and weight control behaviors [4,10]. Eating disorders are more prevalent among those with obesity [4].
Indeed, overweight adolescents have up to five times higher odds of developing eating disorders than
normal weight youth [11,12].

Prevention programs that include diet, physical activity (PA), and/or sedentary behavior
components are currently the first line of prevention for obesity in adolescent youth [6]. However,
focusing on diet and PA may increase the risk for eating disorders. In this approach, individuals
should decrease their caloric intake and increase their levels of PA, which may encourage them to diet.
Evidence has shown that the majority of individuals with eating disorders reported that they started
to diet before they initiated their disordered eating behaviors [4]. The WHO Commission on Ending
Childhood Obesity report [13] suggest a multi-component approach that includes comprehensive
lifestyle weight-management support for youth who have an unhealthy weight status as part of
a universal youth healthcare plan. Multidisciplinary prevention programs do not have a specific
definition. However, the WHO report [13] noted that a comprehensive prevention plan should
include psychosocial and family support in addition to common components such as nutrition and
PA or sedentary behavior change. Indeed, obesity prevention programs that predominantly focus on
energy-balance approaches, including diet (e.g., avoiding or choosing certain food sources) and PA
(e.g., to “burn” calories), have proven to not be effective over a long period of time and may lead to an
increase in the risk for disordered eating behaviors [14].

“Energy-balance” programs have a starting point on outcomes of weight gain resulting in increased
caloric intake and/or decreased energy expenditure. The major components targeted are sources and
amounts of foods and beverages, while energy expenditure is mainly guided by PA and metabolic
rates [15]. On the other hand, “shared risk for obesity and eating disorders” programs focused on
maintaining a positive relationship between food and weight through a more mindful approach in
order to promote sustainable lifestyle changes [16,17].

Thus, it is important to examine the implications of the aforementioned strategies and their impact
on disordered eating risk factors and obesity prevention among adolescent youth in order to build
a more sustainable approach through the integration of diet and PA components with psychosocial
support. Previous systematic reviews and meta-analyses [6,18] have assessed the impact of obesity
treatment on eating disorders in overweight or obese children and adolescents. However, there is
a gap in the literature examining the impact of obesity prevention programs among youth on risk
factors for disordered eating. Thus, the aims of this systematic review are to (1) compare the impact of
“energy-balance” and “shared risk factor for obesity and eating disorders” prevention programs on
weight outcome changes; and (2) if the eating disorder risk factors were improved in the “shared risk
factor for obesity and eating disorders” programs.
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2. Methods

The protocol for this systematic review was registered with PROSPERO (CRD 42017076547) [10],
accessible at https://www.crd.york.ac.uk/prospero/, and has been reported according to Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [19].

2.1. Data Sources and Search Strategy

A systematic search of the published literature up to February 2020 was undertaken using five
electronic databases, namely, PsycINFO, ProQuest, PubMed, SciElo (Scientific Electronic Library
Online), and Web of Science. The following structured search strings were used: Adolescents OR
Children OR Girls OR Boys OR Prevention OR Intervention AND Obesity OR Overweight OR
Weight-Related Disorders OR Disordered Eating. Relevant truncations and adjacencies were used
to enhance results by allowing variations of the search terms. The search was limited to studies in
adolescents. Hand searching of reference lists was conducted to identify studies that may have been
missed. Records were downloaded to EndNote X9.2 and duplicates removed. Records were first
assessed by title and abstract and then full text. All records were assessed for inclusion based on the
defined criteria. Any uncertainties regarding the inclusion of a study were resolved through discussion
among A.L. and K.D. or. R.F.

2.2. Eligibility Criteria

All studies were assessed according to the following inclusion and exclusion criteria summarized
according to PICO framework (Participants, Intervention Comparison, and Outcome):

Participants: Studies were eligible if they included adolescents, aged 10–19 years, as defined by
the WHO [20], and inclusive of all weight statuses. Adolescents must have participated in either
of the two obesity prevention programs focused on (i) energy-balance approaches (targeting diet
and PA); or (ii) shared risk factors for obesity and eating disorders. All participants were eligible
if they participated at the beginning of each intervention type. Participants with a pre-existing
disease, an organic cause for obesity and eating disorders, or on medication that could affect weight
were excluded.

Intervention: Energy-balance interventions were defined as an approach to improve diet
(e.g., energy, fat, sugar, sodium, and fruit and vegetables intake), increase (moderate-to-vigorous)
PA, and reduce screen-time with the intent to increase energy expenditure [21]. Shared risk factors
for obesity and eating disorders programs were described as an approach to promote a positive
relationship with weight and diet, through an improvement in the following factors that may have
relevance for body image concerns: dieting, media use, body image, weight-control behaviors (e.g., use
of food substitutes, diet pills, and diuretics), and maladaptive responses to weight-based teasing.
These factors were selected on the basis that they are both amenable to change and suitable for
addressing within prevention programs for youth [4]. Assessment of weight-related programs were
obtained through the adolescents’ weight status, as well as dietary, physical activity, and sedentary
behavior questionnaires. The eating disorder (ED) risk factors were obtained through a variety of
different psychometric questionnaires.

Comparison: Different study designs (i.e., randomized controlled trials, non-randomized controlled
trials, quasi-experimental control trials, and pre-post uncontrolled studies with no comparison group)
were included in this review.

Outcome: The key outcome of interest was the impact of obesity prevention programs on disordered
eating behaviors in adolescents. The outcomes assessed were related to body or shape satisfaction,
weight-control behaviors, weight-teasing and/or diet intake (measured via reports), and PA levels.
A secondary outcome was the impact of the programs on adolescent weight outcomes expressed as
Body Mass Index (BMI), the BMI z-score (BMIz).
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Excluded studies focused on the treatment of individuals with overweight or obesity. Interventions
relating to the treatment of EDs or psychological morbidity were also excluded, as were studies treating
secondary or syndromic causes of obesity. Search data were not time limited. No exclusion criteria
were placed on intervention duration, length of follow-up, or date, but this review was limited to
studies published in the English, Portuguese, and Spanish languages.

2.3. Data Extraction

Data were independently extracted from eligible studies by one reviewer and cross-checked
for accuracy by a second reviewer. The extracted data included sample characteristics, intervention
setting, intensity and design, type of studies, tools used to assess outcome measurement, and pre-,
post-intervention and/or follow-up data for both types of approaches.

2.4. Data Synthesis

Due to the heterogeneity of the study population’s characteristics and programs features (i.e.,
length of treatment, outcomes measured, and timing of assessment), it was not possible to perform a
meta-analysis. A narrative summary of the findings was conducted.

2.5. Quality Assessment and Risk of Bias

Study quality was assessed using a designed appraisal tool developed by Cochrane: Version 2 of
the Cochrane Risk-of-Bias tool for randomized trials (RoB 2) [22] and Risk-Of-Bias In Non-Randomized
Studies (ROBINS-I tool) [23]. Individual component quality rankings, including the risk of bias
measures, are included in Figure 1. Component and overall quality ratings were scored as “low risk”,
“moderate”, or “high” for the RoB 2; and as “low risk”, “moderate”, and “serious” for the ROBINS-I [22,23].

(a) 

(b) 

Figure 1. Risk of bias for randomized controlled trials (n = 27) (a) and non-randomized controlled
trials (b). Based on the revised Cochrane Risk-of-Bias tools for randomized controlled trials (ROB-2)
and non-randomized controlled trials (ROBINS-1) (n = 6).

3. Results

3.1. Overview of Studies

A flowchart summarizing the study selection procedure is presented in Figure 2. Electronic
searches returned 8825 records. To begin, duplicates (n = 4106) were removed. Secondly, a total of
4629 studies were screened by titles and abstracts. Finally, 211 studies were further excluded after
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reading through the full text. Of the excluded studies, 83 targeted children (≤10 years old) or adults
(≥20 years old), 101 included non-healthy individuals (e.g., obese, eating disorders, or other health
conditions), and in 28 studies an intervention was not considered. The remaining 35 studies met
the inclusion criteria and were therefore eligible and included in this review. A total of 20 studies
were energy-balance intervention studies, and 15 studies regarded a shared risk obesity and eating
disorders program.

 

Figure 2. Flowchart showing the process of article selection.

Data abstraction revealed 15 programs that had multiple publications; these included protocols,
additional cohorts, further follow-up timepoints, different outcome measures, or other secondary
analysis. Thus, for reporting and analysis, studies were grouped by program cohort. Any uncertainties
regarding appropriate program cohort for categorization were resolved through discussion.

3.2. Study Characteristics

The characteristics of the selected studies are reported in Table 1 and divided by intervention types:
“energy-balance” and “shared risk factors for obesity and eating disorders” programs. All studies were
published between 2005 and 2019.

Overall, twelve studies (33.3%) were conducted in the U.S., five studies (14.7%) were conducted
in Australia and other countries in Oceania [24–28], and three studies (8.8%) in Brazil [5,29,30] and in
Spain [31–33]. Other studies included countries within Europe [34–38] and Asia [39–41], Canada [42],
Mexico [43], and Israel [44]. Programs were evaluated as controlled trials (n = 31, 91.2%), randomized
controlled trials (n = 23, 67.6%), quasi-experimental (n = 7, 20.5%), non-randomized (n = 2, 5.8%),
and as interrupted time series without a comparison group (n = 3, 8.8%).
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3.2.1. Energy-Balance Programs

For the energy-balance programs, 20 studies were found [24,25,30,32,34,37–41,44–50]; of these, five
studies were conducted in the USA [45–47,49,50], six in Europe [32,34,35,37,38], four in Australia [24–27],
three in Asia [39,40,44], and one in Brazil [30] and in Tonga [41]. When considering the study
design, 13 studies were randomized controlled trials (RCT) [25–27,30,36–38,40,45–47,49–51], four were
quasi-experimental trials [24,34,39,41], and one non-randomized controlled trial [44]. Two studies
were one-group pre- and post-test assessments [32,50]. The sample size for the energy-balance
programs ranged from 51 [46] to 3638 [35] and the mean age was 12.7 ± 1.8 years old. Two targeted
only females [26,46] and one only males [25]. Eight studies reported following a theoretical basis,
with six studies following the Social Cognitive Theory [25–27,45,47,49], and two the Self-Determination
Theory [25,45]. Although not reporting a theoretical framework, 10 [24–27,35–37,41,44,47] combined
educational techniques with changes in the environment.

3.2.2. Shared Risk Factors for Obesity and Eating Disorders Programs

With regards to the “shared risk factors for obesity and eating disorders” programs, fifteen studies
were included in this systematic review [5,28,29,31,33,42,43,51–58]. Seven studies were conducted in
the USA [51,52,54,56–58], two in Spain [31,33] and in Brazil [5,29], and one in Australia [28], Canada [42],
and Mexico [43]. The programs included nine RCT [5,29,51,53–58], three quasi-experimental
trials [31,33,43], one non-RCT [42], and one one-group pre- and post-test assessment [52]. The sample
size ranged from 27 [52] to 1451 [56] adolescents participating in the shared risk factors for obesity
and eating disorders program, with 15.1 ± 2.6 years old as the mean age of the participants.
Six targeted only females [5,29,31,43,51,52,57]. From a theoretical approach, five was based on
Social Cognitive Theory [5,29,33,51,55] and eight combined educational techniques with changes in
the environment [5,29,31,42,51,56–58]. This was followed by focusing on approaches to reduce the risk
for eating disorders, such as Media Literacy [28,31,33], Dissonance Behavioral Intervention [31,52],
and Interpersonal Therapy [58].

3.3. The Studies’ Techniques

3.3.1. Energy-Balance Programs

The majority (n = 13, 65%) of the energy-balance programs used schools as the main settings
for integrating diet and PA for promoting behavioral changes [24–27,32,34,37–39,41,44,45,50], 3 (15%)
use the home setting [30,47,50], and two (10%) developed a web-based platform to deliver the
intervention [40,46]. Some programs, which used schools as the main setting, combined multiple
components to deliver the intervention, such as combining weekly text messages and other mobile
device technology (e.g., developing an app) [25,26], or integrating the family context (e.g., parents
newsletters, homework, and booklets) [26,34,50].

3.3.2. Shared Risk Factors for Obesity and Eating Disorders Programs

From the fourteen studies that have shared risk factors for obesity and eating disorders as
the program approach, thirteen (92.3%) were conducted at school or university [5,28,29,31,33,42,43,
51–54,56,57], and one was delivered through an internet-based platform [55]. Some of the school
programs focused only on psychotherapy sessions to promote a healthy relationship with body
and food [28,33,42,43,52,54,58], while others (n = 6, 42.8%) [5,29,31,51,56,57] focused on both the
psychotherapy sessions and other components to help achieve a sustainable diet and PA behaviors
through their life course. Other components included weekly text messages, cooking classes, enhanced
physical education classes, and healthy lunches and morning snacks at school time. Two studies [29,51]
used individual counseling techniques to promote intrinsic motivational for behavior change via the
motivational interview technique.
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3.4. The Studies’ Assessment Tools

3.4.1. Energy-Balance Programs

Weight status was assessed in all the energy balance studies. Some of these studies (n = 13,
65.0%) [25–27,30,36–39,41,44,49,50] combined other measurements to assess anthropometric outcomes,
such as body fat percentage, waist circumference, and/or waist-to-hip ratio. Dietary intake was assessed
with either food frequency questionnaires [25–27,30,44] or 24 h recalls [34,45,46,49]. Those studies that
utilized 24 h recalls used at least two records to estimate participants’ usual intake. For those studies that
measured PA, some used questionnaires [24,30,34,39,45], while others used objective measurements
such as accelerometers [25–27,49] or pedometers [34]. Some studies (n = 6, 30.0%) evaluated the
youth’s physical fitness (e.g., cardiovascular, flexibility, muscular, strength, and agility) [25,27,36,39,
45,50]. Five studies (25.0%) evaluated sedentary behaviors, with a particular focus on screen-time
questionnaires [24–26,37,46]. Four studies (20.0%) [24,34,39,44] assessed nutrition and PA knowledge
gained through the program, and four studies assessed other mental health outcomes (e.g., health-related
quality of life, depressive symptomatology, or disordered eating components) [24,34,35,47]. Studies that
assessed mental health outcomes were not identified as a shared risk factors for obesity and eating
disorders program as they did not target these components on the intervention but rather used this
as an indicator of inclusionary/exclusionary criteria of participants, and as a secondary outcome of
the intervention. Three studies (15.0%) [37,39,50] used biomarkers, such as plasma glucose and lipids,
as an outcome of diet and PA behavior change. Finally, two studies (10.0%) [38,47] targeted the
pre-adolescent age group (10–12 years old).

3.4.2. Shared Risk Factors for Obesity and Eating Disorders Programs

For the shared risk factors for obesity and eating disorders program, all of these studies evaluated
participant weight status through the use of BMI. Five studies (35.7%) [5,51,54,57,58] combined
this measure with other anthropometric measures, including waist circumference and % body fat
(measured using DEXA, bioimpedance, or skinfolds). Seven studies (50.0%) evaluated diet intake
through validated and reproduced food frequency questionnaires [5,52,54] and others through 24 h
recalls [28,51,56,57]. Those studies that used a 24 h recall only collected data from one-day of diet intake.
PA was assessed by seven studies: five studies [5,51,52,56,57] used at least a 3-day recall to assess
the PA of the participants, while the remaining studies [28,43,54] used a validated and reproduced
questionnaire (e.g., International Physical Activity Questionnaire (IPAQ) [59] and the Paffenbarg
Activity Questionnaire [60]).

Measures used to evaluate the shared risk factors for obesity and eating disorders are shown
in Table 1 along with the study characteristics. Ten studies (71.4%) [28,31,33,42,52,54,55,58,61]
used validated and reliable measurements that are used to assess eating disorders, including the
“Eating Disorder Diagnostic Screening (EDDS)” [62], “Eating Disorder Questionnaire with Instruction
(EDQ-I)” [63,64], “Difficulties in Emotion Regulation Scale (DERS)” [65], “Sociocultural Attitudes
Towards Appearance Scale (SATAQ)” [66], and “Perceptions Of Teasing Scale (POTS)” [67], or used
measures to assess emotion regulation and positive and negative effects through the “Dutch Restrained
Eating Scale (DERS)” [68] and “Positive and Negative Scale—Revised (PANAS-X)” [69]. The purpose
of these scales is to evaluate the occurrence of eating disorder symptoms, disordered eating behaviors,
body shape and weight satisfaction, and weight-teasing by family and friends/peers. The other
five studies (35.7%) [5,42,51,56,57] assessed these measures through questionnaires used in previous
surveillance studies, specifically the “Youth Risk Behavioral Surveillance System Survey (YRBSSS)”
and “Project EAT”. These questionnaires assessed the risk for disordered eating behaviors, including
dieting, weight control behaviors, binge eating, weight-teasing, and body/weight/shape concern.
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3.5. Outcomes

The focus of this review was to assess the impact of obesity prevention programs on improving
disordered eating behaviors and maintaining a healthy weight status among adolescents by comparing
the types of interventions: energy-balance and shared risk factors for obesity and eating disorders
programs (Table 2).

3.5.1. Energy-Balance Programs

Ten studies [24,26,27,32,35,37–39,44,50,70] showed small improvements on youth weight status as
measured by BMI, the BMI z-scores, or percent prevalence for being overweight/obese. A reduction was
observed by a difference between groups (intervention vs. control) of at least 0.1 kg/m2, or by a 1.7%
decrease on the prevalence of being overweight/obese from baseline to post-intervention/follow-up
assessments. Five studies [25,26,34,40] did not find any significant effects on weight status change,
while three studies [30,36,41] showed an increase in weight status change. For example, one study
showed a large increase in overweight and obesity prevalence (10.1% and 12.6%) [41], and another
study [30] showed a small increase in BMI of 0.2 kg/m2 for the intervention group and a decrease in %
of body fat. Interestingly, a study conducted by Fulkerson et al. [47] found that although they found no
significant treatment group differences in BMI z-scores post-intervention, a post-hoc stratification by
pubertal onset indicated pre-pubescent youth had significantly lower BMI z-scores than their control
group counterparts (ß = 0.08, 95%CI 0.01, 0.34).

Four studies (20.0%) [26,30,41,45] did not find significant differences in diet outcomes after the
intervention, which included the reduction of total energy intake and improvement on the intake of
certain food groups (e.g., fruit and vegetables). However, five studies (25.0%) [25,27,34,46,49] showed
an improvement in the intake of sugar-sweetened beverages, as well as fruit and vegetables. Sgambato
et al. [30] did not find any significant differences when evaluating diet intake using a food frequency
questionnaire; however, analyses of 30% of the sample that used a 24 h recall showed a significant
decrease in the intake of fruit juice (� = −0.42 ± 0.18 serving/day) compared to the control group.

PA level was improved in four studies (20.0%) [30,34,37,49] with an average of +12.5 min/week.
Two studies conducted by Lubans et al., one targeting only boys [25] and the other both sexes [27],
found an improvement in physical fitness (i.e., muscular fitness and resistance training) despite finding
no significant effect on PA level. The remaining four studies [26,32,45,46] found no significant effect
on PA level. Shawn-Peri et al. [50] found that large classes and short physical education periods are
major challenges when implementing programs. Sedentary behaviors or screen-time were improved in
three studies [25,26,37]. Dewar et al. [26] showed improvement in screen-time behaviors at immediate
post-intervention (after 12 months from the baseline), but at follow-up (after 24 months) found no
significant differences. An average of the significant difference was −30.7 min/day.

Three studies [34,44,49] evaluated the participants’ knowledge of nutrition and PA, and found
significant improvements in their knowledge. Three studies [39,49,50] assessed the biological markers
to verify the improvements in lifestyle behaviors, including blood pressure and fasting capillary plasma.
Significant results were found among male participants with a higher BMI and older adolescents.
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3.5.2. Shared Risk Factors for Obesity and Eating Disorders Programs

All 14 studies showed no significant effects on weight status post-intervention. Two programs [42,52]
showed an increase in BMI and weight from post-intervention to follow-up. This increase in BMI
ranged from 0.2 to 0.4 kg/m2, reflecting on average increase of 2.9 kg. Leme et al. [5], although not
finding significant results for BMI, found that results favored the intervention group (� = −0.26 kg/m2),
with a lower increase in waist circumference for both groups. Female participants with high levels of
anxiety demonstrated stabilization in adiposity (% body fat). Moderation analyses also indicated a
stronger BMI effect for youths with initially elevated symptoms of eating disorders and higher initial
BMI scores [54,55], as well as for weaker eating disorder symptoms and body image dissatisfaction [54].

Six studies [28,33,51,52,56,57] also found a reduction in several risk factors that were sustained
at follow-up; specifically, eating pathology, appearance satisfaction, a thin ideal, negative affect,
and emotion dysregulation. Two studies [43,55] that targeted both sexes found an interaction effect for
time and group in thin idealization, but disordered eating attitudes/behaviors for females only. Leme
et al. [5] and Sanchez-Carracedo et al. [31] found that results for eating disorder risk factors were in the
opposite hypothesis direction, including results for appearance attitudes, eating disorders symptoms,
and unhealthy weight control behaviors (e.g., skipped meals, eating very little, and fasting).

Leme et al. [5], Simpson et al. [52], and Neumark-Sztainer et al. [51] were the only studies that
assessed the dietary intake, PA, and sedentary behaviors of the participants. These two studies showed
an improvement in healthy eating and PA. Both showed that social support, particularly for the family,
was improved after intervention along with other socio-cognitive aspects. For example, behavioral
strategies for healthy eating, such as preparing meals or snacks with little fat or sugar.

4. Discussion

This systematic review filled a gap in the literature by assessing the impact of obesity prevention
programs, with behavior change components, on weight outcomes in adolescents. Diet intervention,
as either a primary goal or combined with PA, has emerged as a promising component in youth obesity
prevention programs. In order to assess the impact of these programs, two approaches were compared:
“energy-balance” and “shared risk factors for obesity and eating disorders”. This systematic review
highlights the specific differences in the program components and outcomes that goes above and
beyond simply using BMI or other anthropometric measurement as the primary outcome. This review
demonstrates better anthropometric outcome measures in the “energy-balance” programs that include
PA components, such as enhanced physical education classes and encouragement of behavior change
activities immediately post-intervention. Upon examination of interventional studies, PA seems to be
moderately to highly effective in improving body composition, especially with improving resistance
exercise [25,27,50] and increasing lean mass [71]. However, a posteriori effect on BMI and body weight
may not be affected by PA. In line with previous work [71], several intervention studies were unable to
prove success at long-term follow-up with PA outcomes. This may be explained by the approach used
in these interventions, specifically educational and behavioral, which did not produce sustainable
results. As shown in the risk of bias, a meta-analysis of reviews [71] has found low methodological
quality of the studies included in the meta-analysis, a high level of heterogeneity, a limited number
of studies available, mixed populations of overweight and non-overweight adolescents, as well as
inadequate description of the interventions.

4.1. Combining Diet and Physical Activity Components to Promote Sustainable Lifestyle Behaviors

Numerous programs have been evaluated in the literature; however, the most effective strategy
remains to be developed. Studies that have diet as a primary component have not been shown to
be sustainable over time. The combination of diet and PA was shown to be a more effective tool
against preventing youth obesity than diet alone. Schools were the most common setting where
these interventions were implemented. Alternatively, results derived from combining PA or a diet
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with a secondary component like education and/or changes in the environment, such as policies
focused on food canteens and the school curriculum, were associated with smaller effect sizes or
even non-significant results [71]. When integrating diet and PA via mindfulness-based approaches
seem to be more effective in preventing eating disorder risk factors, such as body image concerns
and weight-control behaviors, and as consequence would help maintain a healthy weight status and
well-being [72].

4.2. Maintaining Healthy Weight through Preventing Eating Disorders Risk Factors

Population-based interventions designed to maintain a healthy weight status that focused on
shared risk factors for obesity and eating disorders have been a focus of attention in the general
adolescent literature over the past few years [4,10,73,74]. However, few studies have been designed
to reduce the burden of these shared risk factors. Indeed, results of at least some of the prevention
programs suggest that weight status should not be the main outcome when considering obesity
management strategies. This is because some of the disordered eating factors, mainly dieting,
can lead to unsustainable dietary practices, which can lead to unhealthy weight gain or eating
disorders [4]. Tanofsky-Kraff et al. [53], via exploratory post-hoc analyses, suggested evaluating
the baseline social-adjustment problems (as an index for mental health problems) [75] and anxiety
as moderators of the group effect on weight gain. This study revealed that adolescents with more
psychosocial difficulties initially had the most benefit with intervention programs using interpersonal
techniques compared to health education techniques. Moreover, both social functioning and anxiety
moderate the intervention outcomes for depressed adolescents [76], as youths with a worse baseline
psychosocial functioning experience the greatest improvements in depressive symptoms if they received
interpersonal interventions targeting the shared risk factors as opposed to conventional approaches.
Therefore, social adjustment and anxiety are important components for weight-related prevention
trials and should directly focus on improving interpersonal functioning and negative mood states.

4.3. Other Factors That May Be Associated with an Increased Risk for Eating Disorders and Obesity,
Which May Be the Target for Behavioral Interventions

Despite an overall improvement in the disordered eating risk factors, such as body satisfaction,
unhealthy weight control behaviors, and teasing, two studies [5,31] identified an increased risk for
these factors at follow-up, and female adolescents tend to have a less favorable impact on these
risk factors than male participants. One study reported an increased risk for skipping meals, eating
too little, and fasting at 6-month follow-up [5]. Similarly, a Spanish quasi-experimental trial [31]
found that, post-intervention, a drive for thinness, being negatively affected, and self-esteem were in
the hypothesized direction, but socio-attitudes towards appearance and eating disorder symptoms
were in the opposite direction to what was hypothesized. All outcomes were non-significant. It is
uncertain if these findings differ from the typical rate of development of eating disorders or obesity
that are seen within obesity prevention trials targeting adolescents, and especially adolescent girls.
Nevertheless, the early signs and symptoms of these shared risk factors in adolescents attempting to
lose weight may be missed, particularly when the focus is on weight loss or the adolescent remains
within or above a healthy weight status [18]. These findings support previous recommendations [77]
that interventionists, public health policy makers, and other behavior-change researchers should
monitor for the development of or exacerbation of these combined risk factors during weight-related
prevention programs.

4.4. Caution When Targeting Other Modifiable and Non-Modifiable Risk Factors for
Weight-Prevention Programs

Research suggests that attitudes towards individuals with obesity may be reduced through the
provision of non-modifiable risk factors for these specific concerns [78]. Considering this, studies that
focused on causes and risk factors for obesity and eating disorders identified in this review, as well
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as other corroborating reviews [73,79,80], showed that biological and genetic factors played a minor
role in the etiology of these shared risk factors when compared with social–cultural factors. This
was confirmed in studies that include both public and health professionals [73]. Thus, the published
literature seems to indicate an opportunity for change in this respect. Even if successful, prevention
programs of this kind presented conflicting ethical questions [81].

4.5. Interventions Should Be Based on Theory and Use of Psychometric Tested Measurements

The findings demonstrated that less than half of the studies with an energy-balance approach
was theory-based, with the Social Cognitive Theory (SCT) [82,83] being the most used. A review
suggest that interventions aimed at changing health behaviors in adolescents should target the key
constructs of the theories [84]. For example, the core construct of the SCT is self-efficacy, which
is the individual confidence in personal ability to acquire a certain health behavior [85]. Research
criterion and findings with adolescents suggested that these constructs are important and reliable
mechanisms of dietary and PA behaviors that can be changed when using extant intervention programs.
However, given the validity of the theoretical determinants of behavior change in adolescents, it is
hard to provide a conclusion. This might be due to the use of less optimal measures of mediators [84].
A product-o-coefficients test may be used to examine potential mechanisms of dietary [86] and
physical activity behavior change [87], and this method has been used to identify mediators even if the
intervention effects are not significant.

A study that tested the social cognitive mediators of behavior change [86], although none of the
action theory results were significant, showed there was a few significant conceptual theory test results;
this suggests that the intervention was not successful in changing key dietary and physical activity
behaviors, yet the significant conceptual theory test results demonstrated that specific social cognitive
constructs predicted behavior change in this trial [86,87]. Hence, findings of this review suggested the
need for further good-quality, trial-based evidence, and highlights the importance of these potential
mediators in changing health behaviors [88].

4.6. Final Thoughts on Effective Behavioral Change Interventions for Youth

As previously known [4,89], eating disorders and obesity share similar traits, but have not been
the focus in the majority of the prevention trials. Further trials combining both fields are needed to
clarify the components added to promote a positive food and weight relationship. For example, adding
weight-teasing and body image with weight-status measurement are necessary to examine if the
“shared risk factors for obesity and eating disorders” programs demonstrate key sustainable lifestyle
behaviors from each weight-related component by motivating youth under a social–cognitive approach.
Establishing such components would greatly inform a more precise weight-related behavioral-change
prevention programs and public health policies.

4.7. Strengths and Limitations

The strength of this systematic review includes the development of a comprehensive search
strategy applied in order to fill the literature gap on the impact of weight-related prevention trials,
maintenance of a healthy weight status, and decreasing the burden of the shared risk factors for obesity
and eating disorders among adolescents. However, there are some limitations of the current review that
should be noted. Despite the authors’ extensive efforts, including systematic searching of databases and
manual searching of literature reference lists, it is possible that studies meeting the inclusion criteria
may have been missed. Furthermore, only one author performed title, abstract, and full-text screenings.
However, any uncertainties regarding study inclusion were resolved through discussion among three
authors. Moreover, although strict inclusion and exclusion criteria were established, the aim of some
studies included in this review was not explicitly to measure the influence of weight-related concerns
on weight status and other behaviors. Thus, some outcome data was not provided in detail, limiting
the conclusions able to be drawn in these instances. This review was also limited by the heterogeneity
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of the included studies, whereby reporting measures and outcomes were often not consistent. Finally,
uncertainties on risk of bias information may be considered as a limitation. Some studies did not
provide relevant information on certain sources of bias, such as allocation concealment and blinding
of participants, personnel and outcome assessment, an underpowered study, and an analysis not
accounting for clustering.

5. Conclusions

In sum, this systematic review showed that energy-balance interventions produced better results
on weight outcomes when integrating physical activity associated with changes in school or other
community environments. Improved disordered risk factors were seen in the shared risk factors, e.g.,
weight-control behaviors and shape and weight concerns, especially among overweight adolescents.
However, some studies found non-significant effects or even an increased risk of these shared risk
factors at the post-intervention stage among adolescent girls, suggesting that a more intensive or
targeted approach may be needed for this at-risk group. These findings may suggest that efficacious
approaches to support a sustainable weight status, by integrating the risk factors for eating disorders
with changes in the environment, could promote healthy lifestyle behaviors, especially regarding diet
and physical activity. However, more research is needed to examine how a shared risk factor approach
can address both obesity and eating disorders, as well as to identify whether additional support is
needed for adolescent girls.
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22. Sterne, J.A.C.; Savović, J.; Page, M.J.; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H.-Y.;
Corbett, M.S.; Eldridge, S.M.; et al. RoB 2: A revised tool for assessing risk of bias in randomised trials.
BMJ (Clin. Res. Ed.) 2019, 366, l4898. [CrossRef]

23. Sterne, J.A.C.; Hernán, M.A.; Reeves, B.C.; Savović, J.; Berkman, N.D.; Viswanathan, M.; Henry, D.;
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Abstract: A simple, robust, and characterized adiposity indicator may be appropriate to be used as a
risk screening tool for identifying metabolic syndrome (MetS) in adolescents. This study used dual
adolescent populations to develop and validate efficient adiposity indicators from 12 characterized
candidates for identifying MetS that may occur during the transition from adolescence to young
adulthood. Data from the adolescent Nutrition and Health Survey in Taiwan (n = 1920, 12–18 years) and
the multilevel Risk Profiles for adolescent MetS study (n = 2727, 12–16 years) were respectively used as
training and validation datasets. The diagnostic criteria defined by the International Diabetes Federation
for adolescents (IDF-adoMetS) and the Joint Interim Statement for adults (JIS-AdMetS) were employed
to evaluate MetS. In the training dataset, principal component analysis converted 12 interrelated obesity
indices into bodyfat-, lipid-, and body-shape-enhanced groups, with the first two characteristic-groups
having a higher discriminatory capability in identifying IDF-adoMetS and JIS-AdMetS. In the validation
dataset, abdominal volume index (AVI) among girls and waist circumference (WC) among boys were
respectively validated to have a higher Youden’s index (0.740–0.816 and 0.798–0.884) in identifying the
two MetS. Every 7.4 and 4.3 positive tests of AVI (cutoff = 13.96) had an accurate IDF-adoMetS and
JIS-AdMetS, respectively, and every 32.4 total tests of WC (cutoff = 90.5 cm) had a correct identification
for the two MetS. This study stresses the discriminatory capability of bodyfat- and lipid-enhanced
adiposity indicators for identifying MetS. AVI and WC were, respectively, supported as a risk screening
tool for identifying female and male MetS as adolescents transition to adulthood.

Keywords: adolescent; adiposity indicators; discriminatory capability; metabolic syndrome; obesity;
principal component analysis; risk screening tool; Taiwan
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1. Introduction

Metabolic syndrome (MetS) is a health hazard condition that reflects a constellation of several
cardiometabolic risk factors, including excessive abdominal adiposity, high blood pressure and
fasting plasma glucose, and abnormal triglyceride and high-density lipoprotein-cholesterol [1].
Longitudina studies have demonstrated that MetS makes adolescents higher susceptible to developing
MetS, type 2 diabetes mellitus, and cardiovascular diseases in adult life [2–4]. Because MetS and
its risk components occurring in childhood can be restored to normal [5], identifying and treating
adolescents with this syndrome through an efficient risk screening implement is an advocated strategy
for controlling subsequent adverse disease consequence.

Among 5 components of MetS, 3 cardiometabolic dysfunctions must be determined via blood
biochemical examination. Because blood assessment is an invasive and more costly test approach,
using it as a universal screening tool for MetS may be less feasible among younger children. Therefore,
the development and validation of a simple and robust screening instrument for identifying adolescent
MetS is a vital work for pediatric public health.

Anthropometric studies have reported that, compared with entire body fatness measured by
body mass index (BMI), regional fat distribution is more associated with metabolic disturbances and
cardiovascular health risks [6]. Adiposity investigations into measurement of bodyfat distribution have
indicated that body adiposity index (BAI) can directly estimate bodyfat percentage [7]; body roundness
index (BRI) is a predictor of the percentages of bodyfat and visceral adipose tissue [8]; waist-to-height
ratio (WHtR) acts as a better risk marker for cardiovascular risk and shorter lifespan than BMI [9,10];
abdominal volume index (AVI) can be employed to estimate overall abdominal volume that theoretically
comprises intra-abdominal fat and adipose tissue volumes [11]; waist circumference (WC) was a
stronger predictor of obesity-related cancers [12]; waist-to-hip ratio (WHR) measures apple- or pear-like
body shape [13]; a body shape index (ABSI) expresses the excess risk from high WC adjusted for the
effect of BMI [14]; and conicity index (CoI) is a double cone-shaped derived indicator for abdominal
obesity that can better predict 10-year cardiovascular risk [15,16]. In insulin and fat function studies,
triglyceride-glucose index (TGI) was used as a surrogate for identifying insulin resistance among
healthy subjects [17], and visceral adiposity index (VAI) was identified as an indicator of visceral
adipose function and insulin sensitivity [18]. Furthermore, lipid accumulation product (LAP) has
been recommended as a lipid overaccumulation indicator [19]. Although these adiposity indices were
developed from adult populations, they may be appropriate to be used as a risk screening tool for
identifying adolescent MetS, given that obesity has been a major risk for adult MetS [20,21].

Adiposity indices created to measure body adiposity, abdominal obesity, body shape, and visceral
fat accumulation are a group of interrelated variables that may have a characteristic aggregation.
Principal component (PC) analysis is a statistical method that can convert interrelated variables
into reduced independent and interpretable PCs with a specific characteristic through multilinear
subspace algorithms, and produce a characteristic-weighted combined score for each retained PC [22].
This technique has been used to study the clustering of pediatric cardiometabolic risk factors [23,24],
and is an appropriate method to investigate the characteristic groups of adiposity indicators.

In one school-based longitudinal investigation of the alteration of MetS typology, 16.4%, 5.7%,
and 1.1% of adolescents were observed to have new incident, unstable/remitted, or persistent MetS,
respectively, as adolescents aged into young adulthood [5]. This raises the question of what kind
of adiposity indicators can effectively identify MetS for children in school settings using criteria
for adolescents and young adults. In the present study, data from the adolescent Nutrition and
Health Survey in Taiwan (ado-NAHSIT) was used to develop efficient adiposity indicators from
12 characterized candidates for identifying MetS that may occur during the transition from adolescence
to young adulthood. Data from the multilevel Risk Profiles for adolescent Metabolic Syndrome
(mRP-aMS) study was employed to validate the accuracy and efficiency of determining MetS for the
selected adiposity indicators.
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2. Materials and Methods

2.1. Study Participants

The development and validation of adiposity indicators for this study were carried out using
2 sample series of participants. The first sample, obtained from the ado-NAHSIT, was used as a
training dataset to derive optimal adiposity indicators for the identification of MetS using the criteria
for adolescents and young adults. Two commonly applied diagnosis criteria for the 2 types of MetS
were used. The second sample, obtained from the mRP-aMS study, was used as a validation dataset
to verify the accuracy and efficiency of determining each MetS for the chosen obesity indicators.
All participants and their guardians in the two studies provided a written informed assent and consent.
The research protocol for this study was approved by the Institutional Review Board of Kaohsiung
Medical University Hospital (IRB No., KMUHIRB-20120103; date of approval, 16 August 2019).

2.2. The Adolescent Nutrition and Health Survey in Taiwan (ado-NAHSIT)

The ado-NAHSIT as a nationwide adolescent survey in Taiwan that used a multistage, geographic area
and population density stratified random sampling design to recruit nationally representative samples
for investigating the health and nutritional status of adolescents aged 12–18 years during 2010–2011 [25].
Adolescents who had an official student status in the period of 2010–2011 and were enrolled in the
public/private junior high schools and senior high/vocational schools in Taiwan were included in the study
population; however, the adolescents who were enrolled in extension schools, special schools, and schools
for overseas Chinese were excluded in the study population [26]. A comprehensive working group,
consisting of trained interviewers, nutritionists, and medical personnel was organized to collect
sociodemographic characteristics, dietary patterns, lifestyle factors, physical activity, puberty status,
health and disease related information, anthropometry measurements, and clinical biochemical data
from study participants. A detailed explanation for data collection, measurements, and laboratory
assessments has been given previously [24–27]. Data were preserved for analysis of 1920 adolescents
(971 girls and 949 boys) who had complete study variables and clinical parameters used to determine
MetS (5 participants were excluded due to no information on sex variable).

2.3. The Multilevel Risk Profiles for Adolescent Metabolic Syndrome (mRP-aMS) Study

The mRP-aMS investigation was a large-scale cross-sectional study that employed a multistage,
geographically stratified cluster sampling scheme to recruit representative adolescents for monitoring
multilevel risk profiles of MetS in southern Taiwan during 2007–2009 [28–31]. In this study, data were
collected about demographic characteristics, dietary patterns, lifestyle factors, physical activity,
anthropometry variables, and biochemical data for 2727 adolescents (1399 girls and 1328 boys,
response rate: 72.1%), aged 12–16 years [28,29]. All participants were included in the dataset for
validating the accuracy of adiposity indicators in identifying MetS.

2.4. Diagnosis of Metabolic Syndrome

The International Diabetes Federation definition of MetS for adolescents aged 10–18 years
(IDF-adoMetS) and the Joint Interim Statement for adult MetS (JIS-AdMetS) were respectively employed
to determine MetS [20,32]. The 2 definitions correspond to a worldwide consensus for MetS diagnosis
in adolescents and young adults. The categorical criteria and discrepancies for each risk component
of IDF-adoMetS and JIS-AdMetS—including central obesity, high blood pressure, low high-density
lipoprotein cholesterol, increased triglyceride, and elevated fasting plasma glucose—are presented in
Supplementary Table S1. The IDF-adoMetS diagnosis requires an adolescent to have central obesity
and 2 other abnormal components [32]. The JIS-AdMetS diagnosis requires having ≥3 any abnormal
components [20].
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2.5. Single Adiposity Indicators

Body weight, height, WC, and hip circumference was measured according to World Heatlh
Organization standards [33]. Adiposity indicators—including BMI, BAI [7], BRI [8], WHR [13],
WHtR [10], AVI [11], ABSI [14], CoI [15], TGI [17], VAI [18], and LAP [19]—were calculated using the
following formulas:

BMI = Weight (kg)/Height2(m)

BAI =
[
Hip circumference (cm)/Height1.5 (m)

]
− 18

BRI = 364.2− 365.5×
{

1−
[

WC (m)
π×Height (m)

]2}1/2

WHR = WC (cm)/Hip circumference (cm)

WHtR = WC (cm)/Height (cm)

AVI =
{
2×WC2 (cm) + 0.7× [WC (cm) − Hip circumference (cm)]2

}
/1000

ABSI = WC (m)/
[
BMI2/3 ×Height1/2 (m)

]
CoI = WC (m)/

[
0.109× √weight (kg)/height (m)

]
TGI = ln[TG (mg/dL) × FPG (mg/dL)/2]

VAIfemale =
[

WC (cm)
36.58+(1.89×BMI)

]
×
[

Triglyceride (mmol/l)
0.81

]
×
[

1.52
HDL (mmol/l)

]

VAImale =
[

WC (cm)
39.68+(1.88×BMI)

]
×
[

Triglyceride (mmol/l)
1.03

]
×
[

1.31
HDL (mmol/l)

]

LAPfemale = [WC (cm) − 58] × Triglyceride (mmol/L)

LAPmale = [WC (cm) − 65] × Triglyceride (mmol/L)

To avoid the occurrence of non-positive values in LAP, we assigned the WC values of 59 cm and
66 cm to female and male participants, respectively, who had a negative LAP value [34]. This process
does not affect the evaluation of discriminatory ability for this adiposity indicator.

2.6. Combined Adiposity Indicators

The indicators studied are adiposity-based variables that correlate with each other and may
have a characteristic clustering. A combined score that additionally weights characterized adiposity
indicators may offer a better discriminatory capability in identifying MetS. To investigate this issue,
we transformed 12 adiposity indicators into 3 uncorrelated PCs that explained the majority of overall
variance using PC analysis, as has been done in previous studies [22,23,35]. The technique of varimax
rotation was employed to obtain 3 combined adiposity scores for the 3 PCs. Each combined score is
a linear sum of the z-score of each adiposity indicator multiplying its corresponding factor loading.
A factor loading represents the weight of an adiposity indicator in the linear sum and measures the
correlation between an indicator and a combined score.

2.7. Statistical Analysis

Figure 1 presents a schematic framework of 6 analytic procedures for the development and
validation of adiposity indicators using the training and validation datasets. First, the distributions
of anthropometric characteristics and adiposity indicators for adolescents in the ado-NAHSIT and
mRP-aMS studies were analyzed using means, standard deviations, or percentages. Second, PC analysis
was used to determine the retained PCs from 12 adiposity indicators according to the criteria:
eigenvalues ≥1 or PCs that exceeded the break in the scree plot [22,23]. The first 3 PCs—including PC1,
PC2, and PC3—were retained. Because of the clustering, the 12 obesity indices were grouped as
bodyfat-, body-shape-, and lipid-enhanced adiposity indicators. Third, partial correlation (pCorr),
partial R-square (pR2), and logistic regression-derived odds ratio (OR) were used to measure the
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adjusted correlation, contribution, and risk of each adiposity indicator for IDF-adoMetS and JIS-AdMetS,
respectively, after controlling for possible confounding effects. Adjusted covariates included study area,
age, daily energy intake, physical activity, puberty status, cigarette smoking, and alcohol drinking.

Figure 1. Schematic diagram of data analysis for the development and validation of adiposity indicators
in discriminating adolescent metabolic syndrome. MetS, metabolic syndrome; IDF-defined adoMetS,
International Diabetes Federation-defined adolescent MetS; JIS-defined AdMetS, Joint Interim Statement
for adult MetS; AUC, area under receiver operating characteristic curve.

Fourth, area under receiver operating characteristic curve (AUC) and the sensitivity and specificity
of each cutoff point were calculated for each adiposity indicator, and were used to evaluate the
discriminatory ability in identifying IDF-adoMetS and JIS-AdMetS. The best cutoff points for each MetS
identification were determined by maximizing the Youden’s index (YI, i.e., sensitivity+specificity-1).
Fifth, the adiposity indicators that have the greatest AUC and/or YI in each characteristic-group and in
the PC score group were selected to verify their discriminatory capability in identifying each MetS.
We employed DeLong et al.’s non-parametric approach to evaluate the difference of AUCs across the
selected adiposity indicators [36]. Lastly, the external discriminatory abilities for the selected indicators
in identifying each MetS were verified in the validation dataset for both sexes. Sensitivity, specificity,
the number of positive tests per case identified, and total number of tests per case identified were used
to evaluate screening efficiency of identifying MetS. All of the data were analyzed using the statistical
software Stata version 16 (StataCorp., College Station, TX, USA).

3. Results

Table 1 displays the distribution of anthropometric characteristics, obesity indicators, and MetS,
stratified by sex, for adolescents in the ado-NAHSIT and mRP-aMS studies. In both investigations,
sex differences in anthropometric parameters and adiposity indicators were notable. The boys had
higher levels of WC, systolic blood pressure, and fasting plasma glucose than the girls, whereas the
girls had greater levels of high-density lipoprotein cholesterol than the boys. In the ado-NAHSIT study,
2.37% and 4.11% of girls and boys, respectively, had IDF-adoMetS; and 3.30% and 4.53% of girls and
boys, respectively, had JIS-AdMetS. In the mRP-aMS investigation, 1.43% and 3.16% of female and
male adolescents, respectively, had IDF-adoMetS; and 2.72% and 3.46% of female and male adolescents,
respectively, had JIS-AdMetS.

In the training dataset, the principal component analysis (PCA) procedure converted 12 obesity
indicators into a comparable PC structure in each sex, with the first 3 PCs explaining 92.4% and 93.8%
of the overall variance for girls and boys, respectively (Table 2). Among girls, PC1, PC2, and PC3
scores were respectively more correlated with bodyfat-, body-shape-, and lipid-enhanced adiposity
indicators (factor loadings: 0.366–0.419, 0.416–0.656, and 0.417–0.650; total variance explained: 52.7%,
20.7%, and 19.0%, respectively). Among boys, PC1 to PC3 were separately more associated with
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bodyfat-, lipid-, and body-shape-enhanced obesity indicators (factor loadings: 0.365–0.414, 0.314–0.682,
and 0.377–0.767; total variance explained: 59.7%, 17.8%, and 16.3%, respectively).

Table 1. Distributions of anthropometric characteristics, obesity indicators, and metabolic syndrome
(MetS) for adolescents in the adolescent Nutrition and Health Survey in Taiwan (ado-NAHSIT) and
multilevel Risk Profiles for adolescent Metabolic Syndrome (mRP-aMS) studies.

ado-NAHSIT mRP-aMS

Variables 1 Girls Boys p 2 Girls Boys p 2

(n = 971) (n = 949) Value (n = 1399) (n = 1328) Value

Age, year 15.13 ± 1.86 15.18 ± 1.85 0.593 13.43 ± 1.02 13.43 ± 1.04 0.934
Weight, Kg 52.60 ± 10.50 62.39 ± 15.64 <0.001 50.92 ± 11.39 57.97 ± 15.84 <0.001
Height, cm 158.18 ± 5.81 168.02 ± 8.37 <0.001 156.20 ± 5.96 162.03 ± 8.85 <0.001
Hip circumference, cm 93.56 ± 7.81 94.13 ± 10.14 0.208 89.98 ± 8.45 91.16 ± 10.52 0.001

Adiposity indicators
Body mass index 20.97 ± 3.68 21.96 ± 4.71 <0.001 20.79 ± 4.06 21.88 ± 4.92 <0.001
Body adiposity index 29.07 ± 3.79 25.24 ± 4.10 <0.001 28.11 ± 3.98 26.23 ± 4.47 <0.001
Body roundness index 2.97 ± 1.01 2.76 ± 1.28 <0.001 2.46 ± 1.06 2.71 ± 1.32 <0.001
Waist-to-hip ratio 0.80 ± 0.05 0.82 ± 0.06 <0.001 0.77 ± 0.06 0.81 ± 0.07 <0.001
Waist-to-height ratio 0.48 ± 0.05 0.46 ± 0.07 <0.001 0.45 ± 0.06 0.46 ± 0.07 <0.001
Abdominal volume index 11.72 ± 2.80 12.54 ± 3.99 <0.001 10.18 ± 2.88 11.57 ± 3.92 <0.001
A body shape index, 10−1 0.79 ± 0.03 0.77 ± 0.03 <0.001 0.74 ± 0.05 0.75 ± 0.05 <0.001
Conicity index 1.20 ± 0.05 1.17 ± 0.06 <0.001 1.12 ± 0.08 1.15 ± 0.08 <0.001
Triglyceride-glucose index 8.04 ± 0.38 8.07 ± 0.42 0.054 8.03 ± 0.43 8.04 ± 0.48 0.602
Visceral adiposity index 2.52 ± 1.72 1.90 ± 1.33 <0.001 2.38 ± 1.40 1.73 ± 1.14 <0.001
Lipid accumulation product 72.14 ± 67.53 61.23 ± 78.42 0.001 53.38 ± 62.13 53.35 ± 77.21 0.986

Components of MetS
Waist circumference, cm 75.23 ± 8.71 77.60 ± 12.01 <0.001 69.56 ± 9.72 74.31 ± 12.31 <0.001
Systolic blood pressure, mmHg 98.88 ± 8.71 108.86 ± 10.72 <0.001 106.54 ± 11.52 112.03 ± 13.24 <0.001
Diastolic blood pressure, mmHg 59.70 ± 7.68 60.25 ± 8.15 0.127 64.45 ± 9.02 64.61 ± 10.02 0.668
Triglyceride, mg/dL 71.50 ± 30.18 72.96 ± 34.48 0.327 75.18 ± 33.46 75.40 ± 39.15 0.874
High-density lipoprotein, mg/dL 57.43 ± 12.54 52.02 ± 11.60 <0.001 58.32 ± 13.35 55.79 ± 13.51 <0.001
Fasting plasma glucose, mg/dL 93.41 ± 10.45 96.51 ± 8.78 <0.001 89.55 ± 8.71 92.29 ± 8.32 <0.001

IDF-adoMetS (SE), % 2.37 (0.49) 4.11 (0.64) 0.034 1.43 (0.32) 3.16 (0.48) 0.003

JIS-AdMetS (SE), % 3.30 (0.57) 4.53 (0.68) 0.163 2.72 (0.43) 3.46 (0.50) 0.262

IDF-adoMetS, International Diabetes Federation-defined adolescent MetS; JIS-AdMetS, Joint Interim Statement for
adult MetS. 1 Distribution was displayed as mean ± standard deviation or percentage and standard error. 2 p values
for sex difference were obtained adjusted for age, except for variable ‘age’.

Table 2. Factor loadings and characteristics for the first 3 principal components of obesity indicators in
adolescents, stratified by sex, the ado-NAHSIT study.

Variables

Factor Loadings for Girls
(n = 971)

Factor Loadings for Boys
(n = 949)

PC1g PC2g PC3g PC1b PC2b PC3b

Adiposity indicators
Body mass index 0.419 −0.170 −0.004 0.414 −0.019 −0.193
Body adiposity index 0.399 −0.256 −0.062 0.383 −0.037 −0.165
Body roundness index 0.385 0.052 −0.012 0.366 −0.026 0.044
Waist-to-height ratio 0.387 0.056 −0.020 0.367 −0.025 0.046
Abdominal volume index 0.369 0.076 0.001 0.367 −0.003 −0.007
Waist circumference 0.366 0.100 −0.010 0.365 −0.005 0.003
A body shape index −0.124 0.656 −0.019 −0.081 0.004 0.767
Conicity index 0.135 0.526 −0.027 0.200 −0.008 0.449
Waist-to-hip ratio 0.161 0.416 0.036 0.215 −0.025 0.377
Triglyceride-glucose index −0.058 −0.048 0.650 −0.034 0.682 −0.004
Visceral adiposity index −0.005 0.018 0.630 0.003 0.658 0.003
Lipid accumulation product 0.188 0.041 0.417 0.228 0.314 0.012
Eigenvalue 6.319 2.487 2.281 7.168 2.140 1.951

Proportion of variance
explained

52.7% 20.7% 19.0% 59.7% 17.8% 16.3%

Cumulative proportion 52.7% 73.4% 92.4% 59.7% 77.6% 93.8%

Factor characteristic of PC
score

Bodyfat-enhanced
factor

Body-shape
enhanced factor

Lipid-enhanced
factor

Bodyfat-enhanced
factor

Lipid-enhanced
factor

Body-shape
enhanced factor

PC1g-PC3g, principal components 1 to 3 for girls; PC1b-PC3b, principal components 1 to 3 for boys.
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Figure 2 illustrates the covariate-adjusted risks of IDF-adoMetS and JIS-AdMetS associated
with single and combined adiposity indicators in the training dataset. Apart from ABSI for the
girls, all obesity indicators were associated with a significantly higher risk of developing MetS.
Standardized LAP was the strongest risk factor for girls in the IDF-adoMetS and JIS-AdMetS
(adjusted OR = 5.5 and 7.9, respectively), while standardized WC was the strongest risk factor for boys
in the 2 MetS (adjusted OR = 6.2 and 5.5, respectively).

Table 3 presents the pCorr and pR2 of single and combined adiposity indicators associated with
the number of abnormal IDF-adoMetS and JIS-AdMetS components in ado-NAHSIT participants.
For the IDF-adoMetS, AVI, WHR, LAP, and PC1 respectively had the highest pCorr (0.613, 0.443, 0.613,
and 0.621 in girls and 0.623, 0.502, 0.648, and 0.622 in boys) in bodyfat-enhanced, body-shape-enhanced,
lipid-enhanced, and combined adiposity index groups, after adjusting for the covariates. These obesity
indicators separately explained the greatest variability in the number of abnormal IDF-adoMetS
components in each group (pR2, 19.6–38.6% in girls; 25.2–42.1% in boys). Comparable pCorr and pR2

patterns for these adiposity indicators were observed for the JIS-AdMetS.

Figure 2. Adjusted odds ratios of IDF-adoMetS (A) and JIS-AdMetS (B) associated with single and
combined adiposity indicators in adolescents, the ado-NAHSIT study. Adjusted ORs were adjusted
for study area, age, daily energy intake, physical activity, puberty status, cigarette smoking and
alcohol drinking. Adiposity indicators were standardized to a z-score. MetS, metabolic syndrome;
OR, odds ratio; IDF-adoMetS, International Diabetes Federation-defined adolescent MetS; JIS-AdMetS,
Joint Interim Statement for adult MetS; BMI, body mass index; BAI, body adiposity index;
BRI, body roundness index; WHtR, waist-to-height ratio; AVI, abdominal volume index; WC,
waist circumference; ABSI, a body shape index; CoI, conicity index; WHR, waist-to-hip ratio; TGI,
triglyceride-glucose index; VAI, visceral adiposity index; LAP, lipid accumulation product; PC1g-PC3g,
principal component 1 to 3 for girls; PC1b-PC3b, principal component 1 to 3 for boys.
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Table 3. Partial correlations of single and combined adiposity indicators with the number of abnormal
metabolic syndrome components in adolescents, the ado-NAHSIT study.

IDF-adoMetS JIS-AdMetS

Variables
Girls Boys Girls Boys

pCorr 1 pR2 pCorr 1 pR2 pCorr 1 pR2 pCorr 1 pR2

Single indicator

Bodyfat-enhanced group
Body mass index 0.596 * 35.5% 0.618 * 38.2% 0.601 * 36.2% 0.618 * 38.2%
Body adiposity index 0.471 * 22.2% 0.525 * 27.6% 0.479 * 23.0% 0.525 * 27.6%
Body roundness index 0.606 * 36.7% 0.611 * 37.4% 0.607 * 36.9% 0.611 * 37.4%
Waist-to-height ratio 0.605 * 36.6% 0.601 * 36.2% 0.607 * 36.9% 0.601 * 36.2%
Abdominal volume index 0.613 * 37.6% 0.623 * 38.8% 0.611 * 37.3% 0.623 * 38.8%
Waist circumference 0.612 * 37.5% 0.610 * 37.2% 0.611 * 37.4% 0.610 * 37.2%

Body-shape-enhanced group
A body shape index 0.022 0.1% 0.127 * 1.6% 0.006 0.0% 0.127 * 1.6%
Conicity index 0.376 * 14.1% 0.471 * 22.2% 0.364 * 13.3% 0.471 * 22.2%
Waist-to-hip ratio 0.443 * 19.6% 0.502 * 25.2% 0.437 * 19.1% 0.502 * 25.2%

Lipid-enhanced group
Triglyceride-glucose index 0.402 * 16.2% 0.482 * 23.3% 0.414 * 17.1% 0.482 * 23.3%
Visceral adiposity index 0.544 * 29.6% 0.555 * 30.8% 0.565 * 31.9% 0.555 * 30.8%
Lipid accumulation product 0.613 * 37.6% 0.648 * 42.1% 0.606 * 36.7% 0.648 * 42.1%

Combined indicator (score) 2

PC1 0.621 * 38.6% 0.622 * 38.7% 0.623 * 38.8% 0.622 * 38.7%
PC2 0.230 * 5.3% 0.558 * 31.1% 0.215 * 4.6% 0.558 * 31.1%
PC3 0.535 * 28.6% 0.254 * 6.5% 0.547 * 29.9% 0.254 * 6.5%

pCorr, partial correlation coefficient; pR2, partial R-square; PC, principal component; *, p < 0.05. 1 pCorr and pR2

were adjusted for study area, age, daily energy intake, physical activity, puberty status, cigarette smoking and
alcohol drinking. 2 PC1, PC2, and PC3 were bodyweight-, bodyshape-, and lipid-enhanced factors, respectively,
in girls. The corresponding PCs were bodyweight-, lipid-, and bodyshape-enhanced factors, respectively, in boys.

Table 4 presents the discriminatory abilities of adiposity indicators in identification of IDF-adoMetS
and JIS-AdMetS among ado-NAHSIT adolescents. For both sexes, AVI/WC, WHR, LAP, and PC1
respectively had the greatest AUC for identifying IDF-adoMetS (0.941/0.941, 0.826, 0.942, and 0.939 among
girls; 0.955/0.955, 0.898, 0.956, and 0.953 among boys) in bodyfat-enhanced, body- shape-enhanced,
lipid-enhanced, and combined indicator groups. Similar results for these 5 indicators were found for
the JIS-AdMetS (0.916/0.916, 0.833, 0.921, and 0.918 among girls; 0.922/0.922, 0.871, 0.938, and 0.922
among boys). YI provided comparable information for the two MetS. Using the AVI cutoff points of
13.96 for girls and 16.57 for boys, respectively, this adiposity indicator revealed a superior discrimination
in identifying IDF-adoMetS (sensitivity/specificity: 95.7%/86.7% among girls; 100.0%/88.4% among boys)
and JIS-AdMetS (sensitivity/specificity: 93.8%/87.4% among girls and 90.7%/88.3% among boys).

Figure 3 illustrates the differences in AUCs for identifying IDF-adoMetS and JIS-AdMetS across
5 superlative adiposity indicators in the training dataset. The AUCs were compatible across AVI, WC,
LAP, and PC1. Nevertheless, all were significantly greater than that for WHR for the 2 MetS across
both sexes (all p-values ≤ 0.028).

Table 5 presents the MetS discriminatory ability for the selected adiposity indicators in mRP-aMS
adolescents using the cutoff points determined by the training dataset. Among girls, AVI (0.816) and
PC1 (0.826) had the highest YI for identifying IDF-adoMetS and JIS-AdMetS, respectively, and the
second highest YI was WC (0.814) and AVI (0.740). Among boys, WC provided the greatest YI for
IDF-adoMetS (0.884) and JIS-AdMetS (0.798), and AVI (0.860) and PC1 (0.787) offered the second
highest YI for the 2 MetS, respectively. For girls, AVI had a superior identification efficiency in positive
test number, in that every 7.4 and 4.3 positive tests of AVI had a correct IDF-adoMetS and JIS-AdMetS
identification. For boys, WC had an exceptional detection efficiency in total test number, in that every
32.4 tests of WC had an accurate identification in both MetS.
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4. Discussion

Except for the ABSI for girls, the single and combined adiposity indicators investigated were all
qualified as a risk marker for IDF-adoMetS and JIS-AdMetS after taking multiple confounding effects
into account. In the training dataset, AVI/WC, WHR, LAP, and PC1 were, respectively, the principal
adiposity indicators for identifying the 2 MetS among bodyfat-enhanced, body-shape-enhanced,
lipid-enhanced, and combined indicator groups for both sexes. In the validation dataset, AVI/WC for
IDF-adoMetS and PC1/AVI for JIS-AdMetS among girls, and WC/AVI for IDF-adoMetS and WC/PC1
for JIS-AdMetS among boys were validated to have an excellent discrimination for the identification
of MetS.

For the diagnosis of MetS, the IDF-adoMetS criteria (central obesity+ 2 other abnormal components)
are stricter than that for JIS-AdMetS (any 3 or more abnormal components) [20,32]; thus, the proportions
of MetS for IDF-adoMetS in the 2 study samples were both lower than that for JIS-AdMetS (Table 1).
Adolescence is an important growth stage that can carry health hazards into young adulthood.
Our study examined and validated the accuracy of adiposity indicators for determining IDF-adoMetS
and JIS-AdMetS. This method can investigate the possible application for obesity indicators in
identifying MetS during the transition from adolescence to young adulthood.

The assessed obesity indicators were derived from mathematical models for abdominal fat and
adipose tissue volumes [11,13–15], the measurements of bodyfat and visceral adipose tissue using dual
energy X-ray absorptiometry and/or magnetic resonance imaging [7,8], or their association with visceral
fat dysfunction, central lipid accumulation, and cardiometabolic risks [9,10,17–19,37]. Nevertheless,
their correlations with each other are undiscussed. Our PC analysis indicated that BMI, BAI, BRI,
WHtR, AVI, and WC were relatedly clustered in bodyfat-enhanced PC, ABSI, CoI, and WHR in body
shape-enhanced PC, and TGI, VAI and LAP in lipid-enhanced PC, respectively. This implies that these
adiposity indicators have characteristic aggregation. Additionally, the 3 characterized PC scores were
associated with IDF-adoMetS and JIS-AdMetS in a different risk (lipid-enhanced PC score having the
highest risk in both MetS, Figure 2) and with abnormal MetS component numbers in a heterogenous
correlation (bodyfat-enhanced PC score having the greatest correlation, Table 3) among both sexes.
These findings suggest that characteristic-specific adiposity indicators should be separately considered
in the valuation of their associations with various health risks given their interrelated nature.

This study revealed that all adiposity indicators (ABSI aside) were positively associated with
IDF-adoMetS and JIS-AdMetS risks and their abnormal component numbers among girls and boys,
and the associations were statistically independent of potential confounders. Obesity is a vital
contributor of adolescent MetS [21,32]. In a meta-analysis, childhood adiposity was verified as a
significant predictor for the risks of abnormal carotid intima media thickness and dysglycemia in
adulthood [38]. Although specific nutritional intake and lifestyles might be valuable for enhancing
the accuracy of MetS screening, the adiposity indictor is still a single, simple, robust, and applicable
risk-screening tool for identifying adolescent MetS in the community. Even the selection of an
appropriate indicator and its associated cutoff point may depend on sex, age, and ethnic/cultural group.
ABSI is an indicator that was created to adjust for the effect of BMI [14]. As observed in this study this
index was not substantially associated with the BMI-correlated MetS outcomes.

In the training dataset, we found that bodyfat- and lipid-enhanced adiposity indicators
generally had a better discriminating ability for identifying IDF-adoMetS and JIS-AdMetS than
did body-shape-enhanced indicators among both sexes (AUCs, 0.830–0.956 vs. 0.489–0.898, Table 4).
The AUCs for the superlative adiposity indicators of bodyfat- and lipid-enhanced groups were both
significantly higher than that for the body-shape-enhanced group (Figure 3). Brazilian, Chilean,
and Spanish investigators have recommended the bodyfat-enhanced indicators WHtR, AVI, and BMI
as an excellent screening tool for adolescent MetS [39–42]. Although no adolescent studies have
investigated LAP and VAI, one adult study reported that LAP was the most accurate indicator for
determining male and female MetS [43]. Obesity is a growing global health problem that increases
the risk of multiple physical and mental disorders [44–46]. These results indicate that bodyfat- and
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lipid-enhanced adiposity indicators should be intensively applied in risk assessments of the association
between pediatric obesity and cardiometabolic diseases.

Studies that have evaluated anthropometric indicators for the identification of adolescent MetS in
the community have found that AVI and WC for both girls and boys in Spain, BMI/WC for females
and WHtR/WC for males in Chile, and WHtR for both sexes in Brazil have an excellent capacity
for discriminating MetS [39–41]. However, there was a lack of validation of screening accuracy
and efficiency for the indicators in these studies. Using a comparable adolescent population for
validation, this investigation demonstrated that AVI/WC for girls and WC/AVI for boys had an excellent
discriminating ability for identifying IDF-adoMetS in the community; however, the best indicators
in discriminating JIS-AdMetS were PC1/AVI for girls and WC/PC1 for boys. This indicates that
the AVI- and WC-included bodyfat-enhanced combined score (PC1) becomes more significant in
detecting JIS-AdMetS. Although PC1 was recognized as an excellent adiposity indicator for identifying
JIS-AdMetS, it requires intricate calculation. In community practices, our study suggests AVI as a
female, and WC as a male, risk screening tool for MetS that can be applied to the transition from
adolescence to young adulthood in a Taiwanese population.

In this study, the AVI cutoff points for identifying female IDF-adoMetS and JIS-AdMetS were
both 13.96. Evaluated in the validation sample, 90.0% and 81.6% of sensitivity and 91.6% and
92.4% of specificity were observed (YI, 0.816 and 0.740), respectively, for the two MetS. AVI also
was recommended as a risk-screening instrument for identifying female IDF-adoMetS in Spanish
adolescents; however, the YI of this indicator with cutoff of 10.89 was only 0.70 (sensitivity, 100.0% and
specificity, 70.0%) [39]. In our investigation, the WC cutoff points for determining male IDF-adoMetS
and JIS-AdMetS were both 90.5 cm, which is close to the abnormal level of central obesity defined
for Asian adults (WC ≥ 90 cm) [20]. Evaluated in the validation sample, every 32.4 tests of WC
were observed to have an accurate IDF-adoMetS and JIS-AdMetS, respectively. In Spain, WC was
suggested as an anthropometric discriminator for identifying male IDF-adoMetS, in which the cutoff
of 75.0 cm rendered a 0.57 of YI (sensitivity, 100.0% and specificity, 75.0%) [39]. The discriminating
abilities of AVI and WC for identifying IDF-adoMetS were confirmed in a southeast Spanish adolescent
population [47].

In a clinically established adolescent database, if the blood samples of the participants had not
been collected, or blood samples had not been examined for MetS-related variables, an adiposity
indicator with very high sensitivity may be used as a tool for discovering adolescent MetS. Furthermore,
an adiposity indicator with very high specificity may be employed as an instrument for confirming
adolescent MetS. This framework can be applied to clinical settings. However, the appropriate adiposity
indicators and their associated cutoff points have to be developed for the study population.

This study had several strengths. First, a large-scale nationally representative sample was used
to develop efficient adiposity indicators and the accuracy and efficiency of the selected indicators
were validated in another large-scale representative sample. Second, the clustering characteristics of
obesity indicators and characterized functions were evaluated and validated. Third, multiple adiposity
indicators were concurrently assessed and were used to investigate their discriminating capability for
identifying MetS in the transition from adolescence to young adulthood. Fourth, although appropriate
adiposity indicators and their cutoff points might vary by study populations, our research methodology
and network can be applied to other countries that want to develop their specific obesity indicators.
Alternatively, we recognize the limitations of our analyses. First, the recommended adiposity
indicators had no causally predictive capability in determining MetS since they were all developed in a
cross-sectional nature. Second, the participants used to develop indicators were Taiwanese adolescents,
thus our findings may not be directly generalizable to other populations.

5. Conclusions

In cardiometabology, this study uncovered the characteristic cluster of adiposity indicators.
Bodyfat- and lipid-enhanced adiposity indicators revealed a higher risk and discriminatory ability for
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MetS than did body-shape-enhanced indicators in adolescents. This highlights the consideration of
indicator characteristics when evaluating the association between pediatric obesity and cardiometabolic
diseases. In public health, the findings from the development and validation procedures support AVI
as a female, and WC as a male, risk-screening tool for MetS that can be applied during the transition
from adolescence to young adulthood in Taiwan.
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Abstract: Previous studies showed that the coronavirus disease 2019 (COVID-19) lockdown imposed
changes in adults’ lifestyle behaviors; however, there is limited information regarding the effects on
youth. The COV-EAT study aimed to report changes in children’s and adolescents’ lifestyle habits dur-
ing the first COVID-19 lockdown and explore potential associations between changes of participants’
lifestyle behaviors and body weight. An online survey among 397 children/adolescents and their
parents across 63 municipalities in Greece was conducted in April–May 2020. Parents self-reported
changes of their children’s lifestyle habits and body weight, as well as sociodemographic data of their
family. The present study shows that during the lockdown, children’s/adolescents’ sleep duration
and screen time increased, while their physical activity decreased. Their consumption of fruits and
fresh fruit juices, vegetables, dairy products, pasta, sweets, total snacks, and breakfast increased,
while fast-food consumption decreased. Body weight increased in 35% of children/adolescents.
A multiple regression analysis showed that the body weight increase was associated with increased
consumption of breakfast, salty snacks, and total snacks and with decreased physical activity. The
COV-EAT study revealed changes in children’s and adolescents’ lifestyle behaviors during the first
COVID-19 lockdown in Greece. Effective strategies are needed to prevent excessive body weight
gain in future COVID-19 lockdowns.

Keywords: COVID-19; obesity; children; lifestyle; determinants; diet; physical activity; sedentary
behavior; COV-EAT

1. Introduction

Since December 2019, the world is facing a new disease (coronavirus disease 2019
(COVID-19)), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). The WHO declared COVID-19 a pandemic in March 2020. In Greece, a number
of regulatory measures have been implemented, including the closing of schools on 11
March and finally a lockdown, imposed on 23 March as a “last-resort” preventive measure
to halt the spreading of the disease until COVID-19 vaccines would be available. This
unprecedented situation led to significant changes in children’s daily routine, who no
longer attended school and out-of-school activities (e.g., participation in sports, free play at
playgrounds, etc.), but were isolated at home with their families.

Studies conducted during the COVID-19 pandemic in adults have shown that self-
isolation at home due to the lockdown was associated with lower level of physical activity,
longer sedentary time, modifications in eating behavior, and sleeping disturbances [1–3].
Furthermore, an increase of food purchased before the pandemic was reported in some
countries, which increased the availability of foods during the lockdown [4]. Self-isolation
has been also linked to boredom and stress, which in turn may lead to higher energy
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intake, consumption of energy-dense “comfort foods”, and emotional eating [5]. To date,
there is a lack of studies focusing on changes of children’s lifestyle behaviors during
the COVID-19 lockdown. However, there are studies which have examined the impact
of school closing in the summer period, which is a condition similar to the COVID-19
lockdown, on children’s eating behavior and weight status [3,6–9]. The majority of these
studies concluded that children’s body mass index (BMI) increased more rapidly during
summer vacation compared to school period [7]. Moreover, it was revealed that children
tend to consume less vegetables and more sugar, spend more time on TV-watching, and be
more active during summer breaks compared to school time [8]. Interestingly, the study of
Von Hippel et al. showed that the prevalence of childhood obesity increased only during
summer vacations and not during any other time period of the year [6].

Factors that may influence children’s eating behavior have been previously reported
and include certain lifestyle behaviors, such as sedentary behavior [10–15], insufficient sleep
duration [10,12–14], and inactivity [10–13,15–17], as well as determinants from children’s
social and physical environment, such as parental modeling [10,11,16,17] and availability
of foods at home [11,16]. It is also known that retaining higher energy intake compared to
energy expenditure for long periods of time increases the risk of overweight/obesity [18].

The scientific community raises concerns about the health implications that may
be caused by the COVID-19 lockdown [1,2,19–22]. The present study aims to report
changes in children’s and adolescents’ lifestyle behaviors during the first lockdown that
was implemented in Greece due to COVID-19 and explore potential associations with
changes of their body weight.

2. Materials and Methods

2.1. Study Design and Participants

The COV-EAT study was a cross-sectional study, which was conducted across 63 mu-
nicipalities in Greece. Parents having children aged 2–18 years were invited to participate.
The following inclusion criteria were applied: living in Greece, being able to complete the
study questionnaire in Greek language, having children aged 2–18 years, and providing
a consent form. The COV-EAT study adhered to the Declaration of Helsinki and the con-
ventions of the Council of Europe on human rights and Biomedicine. The study protocol
was approved by the Ethical Committee of the Department of Physical Education and
Sport Science in the School of Physical Education, Sport Science, and Dietetics, University
of Thessaly, and registered at clinicaltrials.org (NCT04437121). All parents electronically
signed an informed consent form prior to their participation in the study. Only one child
per family was included in this study.

2.2. Instruments and Variables

An online survey was conducted in a sample of families, who were invited to electron-
ically fill in a questionnaire which included 70 questions divided in 3 sections. The first
section focused on participants’ sociodemographic data and included 15 questions about
child’s gender, parents’ and child’s age, number of children in the family, city of residence,
and socioeconomic status. The second section contained 20 questions about parents’ dietary
and lifestyle habits before and during the lockdown. Specifically, parents had to answer
questions about the frequency of cooking at home and their fast-food consumption, the
number of meals and snacks consumed per day, the reasons of snacking, and their body
weight and height. The third section contained 35 questions about their child’s eating
habits and its sedentary behavior. Parents were asked to report their child’s body weight
and height, the number of meals and snacks during the day, the frequency of breakfast,
fast-food, fruits, juices, vegetables, dairy, red meat, poultry, fish, pasta, legumes, sweets,
salty snacks, and beverages consumption, the servings of fruits, juices, vegetables, and
dairy consumed per day, vitamin supplementation, as well as screen time, sleep duration,
and changes in physical activity. All answers were given about the period before and
during the lockdown. According to the difference between the values of each lifestyle
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behavior before and during the lockdown, each parameter was categorized as “decrease”
(i.e., before-lockdown value of lifestyle behavior higher than during-lockdown value), “sta-
ble” (i.e., same values of lifestyle behavior before and during the lockdown), or “increase”
(i.e., before-lockdown value of lifestyle behavior lower than during-lockdown value).

The questionnaire is available as a Supplementary Materials.

2.3. Procedure

All data were collected between 30 April and 24 May 2020. The questionnaire was
created using the Google Forms tool and was distributed electronically via networks of
dietitians/nutritionists in Greece, personal networks, and social media.

2.4. Statistical Analyses

Continuous data are presented as mean ± standard deviation (SD). Categorical vari-
ables are presented as absolute (n) and relative (%) frequencies. Mean values of consump-
tion of food groups before and during the quarantine were compared using the Student’s
test for paired data. Associations between categorical data were evaluated with Fisher’s
exact test. For paired pre- vs. post-comparisons of sleeping time, the extended McNemar’s
test (allowing for 3 × 3 contingency tables in matched observations) was used. For paired
pre- vs. post-comparisons of screen time, the Wilcoxon matched-pairs signed-rank test
was applied. A stepwise, backwards, regression approach was utilized to assess the effect
of dietary data on the probability of body weight increase versus no change or decrease
(logistic regression). Participants that answered “don’t know” were treated as missing
values. The initial, full model included dietary data, gender, age, area of residency, change
in sleep and screen time, and change in physical activity. For logistic regression analysis,
results are reported as odds ratios, along with 95% confidence intervals (CI) and p-values.
The level of statistical significance was set to 0.05 for analyses, and in cases of multiple
comparisons, the Bonferroni correction was applied. All analyses were run in Stata 11 MP
statistical software (StataCorp., College Station, TX, USA).

3. Results

In total, 397 dyads of children/adolescents (51.4% boys) with an average age of
7.8 (4.1) years were recruited. Families’ characteristics are presented in Table 1, and
detailed demographic and socioeconomic data are presented in Table 2.

Tables 3 and 4 present children’s/adolescents’ changes of lifestyle behaviors before
vs. during the lockdown. Specifically, during the lockdown, more children/adolescents
tended to sleep longer than 10 h/night, and fewer slept less than 8 h/night than before
the lockdown. Similarly, the children/adolescents who spent more than 3 h/day in front
of a screen were more during home isolation, whereas those who did not spent time on
a screen were less during the confinement than before the confinement. Moreover, 66.9%
of the parents reported that their child’s physical activity level was decreased during the
lockdown, and 35% that their child’s body weight increased. Regarding children’s eating
behavior, the consumption of fruits and fresh fruit juices, vegetables, dairy products, pasta,
sweets, total snacks, and breakfast significantly increased (p < 0.05). In contrast, fast-food
consumption was significantly decreased (p < 0.001). No significant changes were observed
in core foods used for lunch and dinner, such as red meat, poultry, fish, and legumes.
Similarly, no significant changes were observed in the consumption of prepacked juices
and sodas and salty snacks.
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Table 1. Families’ age and anthropometric characteristics. The COV-EAT study.

Characteristics Mean ± SD (n = 397)

Children’s/adolescents’ age (years) 7.8 ± 4.1
Children’s/adolescents’ body weight (Kg) 32.3 ± 16.9

Fathers’ age (years) 43.2 ± 6.4
Fathers’ body weight (Kg) 88.7 ± 12.9
Fathers’ body height (cm) 179.2 ± 6.3

Mothers’ age (years) 39.8 ± 5.3
Mothers’ body weight (Kg) 70.1 ± 14.1
Mothers’ body height (cm) 165.5 ± 5.9

Table 2. Family socio-demographic status. The COV-EAT study.

Variables N (%)

Area of residence
Urban 331 (83.4%)

Semi-urban 35 (8.8%)
Rural 31 (7.8%)

Parental marital status
Core families—married parents 370 (93.2%)

Single-parent families 27 (6.8%)

Fathers’ occupation before
lockdown

Employee 378 (95.2%)
Unemployed 11 (2.8%)

Retired 8 (2.0%)

Fathers who lost their job during lockdown 11 (2.9%)

Fathers who increased their working hours during the lockdown 12 (3.2%)

Mothers’ occupation before
lockdown

Employee 311 (78.3%)
Unemployed 84 (21.2%)

Retired 2 (0.5%)

Mothers who lost their job during lockdown 16 (5.1%)

Mothers who increased their working hours during the lockdown 13 (4.2%)

Data are shown as absolute (n) and relative (%) frequencies. Missing values were not included in the statisti-
cal analyses.

Table 3. Changes of children’s and adolescents’ lifestyle habits * and body weight in the first coronavirus disease 2019
(COVID-19) lockdown in Greece. The COV-EAT study.

Lifestyle Habits
Before Lockdown During Lockdown

Sample (n = 397) Sample (%) Sample (n = 397) Sample (%)

Sleep duration before and
during the first COVID-19

lockdown **

<8 h 61 15.4% 19 4.8%
8–10 h 283 71.3% 282 71.0%
>10 h 53 13.3% 96 24.2%

Screen time before and
during the first COVID-19

lockdown ***

0 h 19 4.8% 4 1.0%
1 h 135 34.0% 43 10.8%
2 h 150 37.8% 79 19.9%
3 h 66 16.6% 121 30.5%

>3 h 27 6.8% 150 37.8%

Physical activity change
during the COVID-19

lockdown ****

No Change 71 18.2%
Increase 58 14.9%
Decrease 261 66.9%

Body weight change during
the COVID-19 lockdown

*****

No Change 214 58.9%
Increase 127 35%
Decrease 22 6.1%

* Data are shown as absolute (n) and relative (%) frequencies. ** Extended McNemar’s test: p < 0.001. *** Wilcoxon matched-pairs
signed-rank test: p < 0.001. **** Seven missing values for the variable (1.8% “don’t know” responses of the total). ***** Thirty-four missing
values for the variable (8.6% “don’t know” responses of the total).
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Table 4. Changes of children’s * and adolescents’ eating habits in the first COVID-19 lockdown in
Greece. The COV-EAT study.

Food Groups Before Lockdown During Lockdown p-Value **

Salty snacks 0.18 (0.10) 0.19 (0.11) 0.12
Fruits and Fresh juices 1.80 (1.21) 2.08 (1.39) <0.001

Vegetables 0.69 (0.73) 0.76 (0.77) <0.001
Prepacked juices and sodas 0.26 (0.51) 0.28 (0.51) 0.33

Dairy 1.80 (0.93) 1.92 (0.97) <0.001
Red meat 0.29 (0.16) 0.29 (0.16) 0.57
Poultry 0.23 (0.11) 0.23 (0.11) 0.64

Fish 0.15 (0.09) 0.15 (0.10) 0.26
Pasta 0.47 (0.27) 0.48 (0.27) 0.014

Legumes 0.20 (0.10) 0.20 (0.11) 0.57
Sweets 0.65 (0.24) 0.73 (0.24) <0.001

Total snacks 1.95 (0.67) 2.41 (0.86) <0.001
Fast-food 0.13 (0.13) 0.08 (1.43) <0.001
Breakfast 6.13 (1.85) 6.56 (1.33) <0.001

* Data presented as mean (SD) consumption (in servings/day) of each food. Breakfast consumption indicates the
frequency of consumption on a weekly level. ** t-test for paired data/students test.

Table 5 presents the bivariate correlations between body weight increase and changes
in lifestyle behaviors. More specifically, body weight increase was correlated with increase
of consumption of salty snacks and red meat (p < 0.05). Similarly, increase of sleep duration
(p = 0.012) and screen time (p < 0.001) and decrease of physical activity (p < 0.001) were
associated with body weight increase. No significant associations were observed between
body weight change and consumption of fresh fruits and fruit juices, vegetables, poultry,
fish, pasta, and legumes.

Table 5. Associations between dietary or lifestyle changes and children’s and adolescents’ body weight (BW) changes
during the first COVID-19 lockdown in Greece. The COV-EAT study.

BW Change
Lifestyle Determinants p-Value

Decrease ** Stable ** Increase **

Salty snack consumption

Non-increased BW * (n = 236) 27 (77.1%) 199 (70.1%) 10 (22.7%)
<0.001Increased BW (n = 127) 8 (22.9%) 85 (29.9%) 34 (77.3%)

Fruits and fresh juices

Non-increased BW * (n = 236) 33 (60.0%) 124 (68.9%) 79 (61.7%)
0.3Increased BW (n = 127) 22 (40.0%) 56 (31.1%) 49 (38.3%)

Vegetables Consumption

Non-increased BW * (n = 236) 10 (52.6%) 192 (66.4%) 34 (61.8%)
0.4Increased BW (n = 127) 9 (47.4%) 97 (33.6%) 21 (38.2%)

Prepacked juiced and sodas

Non-increased BW * (n = 236) 30 (60.0%) 182 (70.3%) 24 (44.4%)
<0.001Increased BW (n = 127) 20 (40.0%) 77 (29.7%) 30 (55.6%)

Dairy Consumption

Non-increased BW * (n = 236) 10 (55.6%) 199 (69.1%) 27 (47.4%)
0.005Increased BW (n = 127) 8 (44.4%) 89 (30.9%) 30 (52.6%)

Red meat Consumption

Non-increased BW * (n = 236) 13 (72.2%) 215 (66.6%) 8 (36.4%)
0.016Increased BW (n = 127) 5 (27.8%) 108 (33.4%) 14 (63.6%)
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Table 5. Cont.

BW Change
Lifestyle Determinants p-Value

Decrease ** Stable ** Increase **

Poultry Consumption

Non-increased BW * (n = 236) 8 (80.0%) 221 (64.8%) 7 (58.3%)
0.6Increased BW (n = 127) 2 (20.0%) 120 (35.2%) 5 (41.7%)

Fish Consumption

Non-increased BW * (n = 236) 12 (80.0%) 214 (65.2%) 10 (50.0%)
0.2Increased BW (n = 127) 3 (20.0%) 114 (34.8%) 10 (50.0%)

Pasta Consumption

Non-increased BW * (n = 236) 7 (58.3%) 216 (66.3%) 13 (52.0%)
0.3Increased BW (n = 127) 5 (41.7%) 110 (33.7%) 12 (48.0%)

Legumes Consumption

Non-increased BW * (n = 236) 8 (61.5%) 218 (65.5%) 10 (58.8%)
0.8Increased BW (n = 127) 5 (38.5%) 115 (34.5%) 7 (41.2%)

Sweets Consumption

Non-increased BW * (n = 236) 26 (65.0%) 158 (72.5%) 52 (49.5%)
<0.001Increased BW (n = 127) 14 (35.0%) 60 (27.5%) 53 (50.5%)

Total Snacks Consumption

Non-increased BW * (n = 236) 12 (63.2%) 159 (80.7%) 65 (44.2%)
<0.001Increased BW (n = 127) 7 (36.8%) 38 (19.3%) 82 (55.8%)

Fast-food Frequency

Non-increased BW * (n = 236) 100 (62.5%) 128 (69.6%) 8 (42.1%)
0.043Increased BW (n = 127) 60 (37.5%) 56 (30.4%) 11 (57.9%)

Breakfast Frequency

Non-increased BW * (n = 236) 10 (47.6%) 200 (69.9%) 26 (46.4%)
0.001Increased BW (n = 127) 11 (52.4%) 86 (30.1%) 30 (53.6%)

Sleep Duration

Stable BW 12 (60.0%) 176 (69.8%) 48 (52.7%)
0.012Increased BW 8 (40.0%) 76 (30.2%) 43 (47.3%)

Screen Time

Stable BW 2 (40.0%) 83 (79.1%) 151 (59.7%)
<0.001Increased BW 3 (60.0%) 22 (20.9%) 102 (40.3%)

Physical Activity Changes

Stable BW 132 (55.0%) 59 (89.4%) 43 (79.6%)
<0.001Increased BW 108 (45.0%) 7 (10.6%) 11 (20.4%)

Data are shown as absolute (n) and relative (%) frequencies. * Non-increased body weight means either stable or decreased. ** According to
the difference between the values of each lifestyle behavior before and during lockdown, they were categorized as “decrease”, “stable,
or “increase”.

The results of a multiple, stepwise, backwards, logistic regression analysis of the
associations between children’s and adolescents’ body weight increase and changes of their
lifestyle behaviors during the lockdown are shown in Table 6. Based on these findings,
increase of consumption of breakfast, salty snacks, and total snacks along with decrease of
physical activity were significantly associated with increase of children’s and adolescents’
body weight.
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Table 6. Multiple regression analysis between the probability of children’s and adolescent’s body
weight increase and dietary and lifestyle changes during the first COVID-19 lockdown in Greece.
The COV-EAT study.

OR 95% CI p-Values

Breakfast
frequency

Increase vs. No
Change 2.3 1.8–4.4 0.015

Increase vs.
Decrease 1.7 0.5–1.5 0.359

Salty Snacks
Consumption

Increase vs. No
Change 4.2 1.9–9.3 0.001

Increase vs.
Decrease 6.7 2.1–20.9 0.001

Total Snack
Consumption

Increase vs. No
Change 3.2 1.9–5.4 <0.001

Increase vs.
Decrease 1.6 0.5–4.7 0.399

Physical
Activity

No change vs.
increase 2.4 0.8–7.1 0.116

Decrease vs.
Increase 5.1 2.1–12.2 <0.001

Data are shown as odds ratios (OR), along with 95% confidence intervals (95% CI) and p-values.

4. Discussion

The COV-EAT study is the first study in Greece and one of the few globally that
examined changes of lifestyle behaviors in children and adolescents during the first lock-
down that was implemented due to COVID-19 and explored their associations with chil-
dren’s/adolescents’ body weight gain. The main findings of the present study showed that
during the lockdown period, children and adolescents in Greece: (1) increased their con-
sumption of certain foods, such as fruits and fresh juices, vegetables, dairy, pasta, sweets,
total snacks, and decreased their fast-food consumption, (2) increased their screen time,
(3) increased their sleep duration, (4) decreased their physical activity, and (5) 35% of them
gained body weight. According to the results of a multiple regression analysis conducted
in this study, increased consumption of breakfast, salty snacks, and total snacks along with
decreased physical activity was significantly associated with increase of children’s and
adolescents’ body weight.

The findings of the present study suggest that the COVID-19 lockdown, with the
concomitant closure of schools, negatively affected children’s lifestyle behaviors, which are
some of the predominant risk factors for obesity [3]. In line with the findings of the current
study, Pietrobelli et al. showed that during the lockdown, children and adolescents with
obesity in Italy significantly increased their consumption of certain foods (chips, red meat,
and sugary drinks), their sleep duration, and the time they devoted to screen activities,
while they decreased the time they spent in sports [3]. Similarly, Ng et al. in a sample
of 1214 Irish adolescents, showed that half of the participants tended to decrease their
physical activity during the lockdown, especially those with overweight or obesity [23].
Furthermore, Jia et al. conducted a survey among 10,082 participants from high schools,
colleges, and graduate schools (aged 19.8 ± 2.3 years) and showed that individuals’ BMI,
screen time, and sedentary and sleeping time on weekdays and weekends increased, while
the frequency of engaging in active transport, moderate/vigorous-intensity housework,
leisure-time moderate/vigorous-intensity physical activity, and leisure-time walking were
decreased [24]. Also, the study by Ruiz-Roso et al. in a multinational sample of adolescents
from Italy, Spain, Chile, Colombia, and Brazil indicated that families had more time to
cook and improved eating habits by increasing legumes, vegetables and fruits intake and
reducing fast-food consumption, but that was not enough to increase the overall diet
quality, because of the higher sweet food and fried food consumption [25]. Similarly, in
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our study, fast-food consumption decreased (p < 0.001), which might have resulted from
the fear of being affected by the coronavirus that could be transmitted from the person
delivering the food. The COV-EAT study was conducted during the first quarantine, where
ignorance of the protective measures against COVID-19 was excessive. Studies in adults are
also in line with the findings of the COV-EAT study. According to the preliminary results
of the ECLB-COVID19 international study in 1047 adults, the COVID-19 lockdown had a
negative effect on physical activity and eating behavior and led to a significant increase in
sitting time [26].

The alterations in children’s and adolescent’s lifestyle behaviors may be explained in
different ways. The decrease of physical activity may be attributed to home confinement,
which does not allow individuals to attend sport clubs and organized physical activity or
visit schoolyards, parks, and recreational areas. Ng et al. reported that Irish adolescents
with overweight were more likely to be less physically active during the COVID-19 lock-
down [23]. In contrast, the increase of screen time may be due to the longer duration of
distance learning replacing both school lessons and private lessons, in addition to more
free time at home and to boredom. The increase of sleep duration may be linked to the fact
that children did not have to go to school in the morning. Changes of eating behavior may
be caused by several different factors. First, the insecurity caused by COVID-19 may have
led families to change the home food environment and feeding practices. Indeed, Adams
et al. reported that families experiencing food insecurity exerted greater pressure to their
children to eat, while 30% of the families increased the amount of high-calorie snack foods,
desserts/sweets, and fresh foods, and almost half of the study sample increased the avail-
ability of non-perishable processed foods in their homes [27]. In addition to the physical
environment, the social environment at home may have changed because of COVID-19.
In the present study, a number of parents (5.1% of mothers and 2.9% of fathers) lost their
job, while others (4.2% of mothers and 3.2% of fathers) experienced an increase of working
time during the COVID-19 lockdown. These changes might be associated with parental
stress and disturbances of family interactions, parental modeling, and parenting feeding
practices at home [28]. Furthermore, the psychological impact of self-isolation may have
triggered boredom and stress, which are determinants of the consumption of energy-dense
“comfort foods” and emotional eating [5]. Especially children and adolescents with obesity
may be more susceptible to overeating, as observed in Polish adults with overweight
and obesity [29]. It is also noted that cooking and preparation of new recipes for snacks
might be used as a recreational activity by the family during the lockdown, which in turn
increases the availability of home-made sweets, snacks, and foods. Additionally, a home
does not always provide a steady environment for mealtimes, physical activity, and sleep
schedule [3].

Changes of lifestyle behaviors may lead to an increase of energy intake over energy
expenditure, a condition which results in body weight gain when lasting for long periods of
time. As expected, increased consumption of energy-dense foods (i.e., total snacks, includ-
ing sweets) and decreased physical activity were associated with an increase of children’s
and adolescents’ body weight. Still, the present study also showed that the increases of
breakfast consumption and total snacks were associated with an increase of participants’
body weight. These observations may be attributed to the fact that children/adolescents
increased the number of meals consumed per day and that, possibly, they consumed un-
healthy foods/snacks in these extra meals. Future studies should shed more light on these
associations. Moreover, increased body weight in 35% of children and adolescents could
be a natural trend due to children’s growth if the increase of body weight was about 0.5 kg.
The mean body weight increase of 2 kg indicates an abnormal weight gain.

Since obesity and its complications (diabetes, heart disease, pulmonary disease, hy-
pertension, etc.) can worsen the implications of COVID-19, it is critical to implement
measures, during the lockdown, to promote healthy eating and physical activity and pre-
vent obesity [3,9,19,30–32]. To achieve these goals, an umbrella of telehealth (e-health and
m-health) obesity prevention and treatment actions should be implemented, in addition

76



Nutrients 2021, 13, 930

to the measures taken to tackle the expansion of COVID-19 [30,33]. Policy interventions
to oversee food advertisements and behavioral strategies to promote nutrition education,
appetite control, and family meal planning should be applied. Vulnerable groups, such as
children and adolescents with overweight or obesity, lower socioeconomic groups, and
families with food insecurity should be prioritized.

The findings of the current study should be interpreted under the light of its strengths
and limitations. Regarding the strengths, the COV-EAT study was the first study in Greece
to explore the potential effect of the first COVID-19 lockdown in Greece on children’s and
adolescents’ lifestyle behaviors, using data from 397 families from urban, semi-urban, and
rural areas. Regarding the limitations, firstly due to its cross-sectional design, no causal
relationships could be established. Secondly, the study sample was not representative of
all children and adolescents in Greece; therefore, the results cannot be generalized to the
whole population of Greek children and adolescents. The sampling procedure, which was
based on an online survey, may have also produced a selection bias regarding the recruited
participants. Moreover, the questionnaire used in the COV-EAT study was not validated,
while data were self-reported, and thus subject to recall bias and socially desirable answers,
and only weight change was reported. It was also not feasible to conduct comparisons
between maternal and paternal reports, which may have an effect on the results. Still, 90%
of the reports were taken from mothers, which limits the possibility of such bias.

5. Conclusions

The COV-EAT study reported unfavorable changes in children’s and adolescents’
lifestyle behaviors during the first COVID-19 lockdown that was implemented in Greece in
spring 2020. Certain lifestyle changes were associated with children’s/adolescents’ body
weight gain. Considering that the COVID-19 pandemic may lead to further lockdowns,
effective e-health and m-health strategies and programs to tackle the adoption of unhealthy
lifestyle behaviors and prevent excessive body weight gain are urgently needed.
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Abstract: Poor dietary habits established during childhood might persist into adulthood, increasing
the risk of developing obesity and obesity-related complications such as Type 2 Diabetes Mellitus. It
has been found that early modifications in eating habits, especially during childhood, might promote
health and decrease the risk of developing diseases during later life. Various studies found a great
influence of parental dietary habits on dietary behaviors of their children regardless of demographic
characteristics such as gender, age, socioeconomic status and country; however, the exact mechanism
is still not clear. Therefore, in this review, we aimed to investigate both parents’ and children’s dietary
behaviors, and to provide evidence for the potential influence of parents’ dietary behaviors and
practices on certain children’s eating habits. Family meals were found to contribute the most in
modeling children’s dietary habits as they represent an important moment of control and interaction
between parents and their children. The parental practices that influenced their children most were
role modeling and moderate restriction, suggesting that the increase of parental encouragement and
decrease of excessive pressure could have a positive impact in their children’s dietary behaviors. This
narrative review highlights that parental child-feeding behaviors should receive more attention in
research studies as modifiable risk factors, which could help to design future dietary interventions
and policies to prevent dietary-related diseases.

Keywords: parents; dietary intake; feeding practices; children; family meals; breakfast; snack-
ing habits

1. Introduction

Obesity is a complex condition influenced by both genetic and environmental fac-
tors [1]. Dietary intake has been linked with obesity in terms of volume, composition,
meals’ frequency, snacking habits and diet quality [2]. Additionally, there is indication that
children are likely to maintain their dietary habits into adulthood [2]. Thus, understanding
children’s eating habits is very important in terms of children’s health [3]. There are some
factors that could influence children’s eating habits such as the home food environment,
as well as the social environment, contexts where perceptions, knowledge and eating
habits are established [4]. However, parental dietary patterns seem to affect children most,
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as parents are the ones who shape the home food environment, influence how a child
thinks about food, and, accordingly, start forming their own food preferences and eating
behavior [4].

Out of the dietary habits, family mealtime becomes the main social context in which
children can eat with their parents, who are considered as their main role-models [5]. Shar-
ing meals with children, having breakfast together regularly and encouraging children to
have healthy snacks with moderate restrictions have shown positive impacts on children’s
dietary behaviors [6]. Furthermore, one review study evaluated these practices and found
that they were associated with higher consumption of dairy products, fruits and vegetables
(FV), along with healthier breakfast patterns among children [7]. Also, the same review
stated that encouragement practice gives children a chance of making decisions, whereas
the moderate restriction practice help parents to imply clearer instructions to their children.
Therefore, it was recommended to use a combination of the two practices, so that both
parents and children would have the ability to contribute to determining food choices [8].
In this narrative review, we focus on the effect of parental dietary habits on children’s
eating behaviors, including family meals, breakfast routine and snacking habits.

2. Method for Literature Search

Serial literature searches for articles of interest were performed between August and
December 2020. PubMed, Scopus, Education Resources Information Center (ERIC), Sci-
ence Direct and Google scholar databases were searched using the following keywords:
“parents”, “dietary intake”, “feeding practices”, “children”, “family meals”, “breakfast”,
“snacking habits”, “food choices”, “food consumption”, “role model”, “diabetes”, “parent-
ing style”, “behavior”. We included both original researches and review articles published
between 2000 and 2020. Studies were eligible if they were published in English and in-
cluded preschoolers (ages 2–5 years), or school-age children (ages 6–13 years). A total of
2590 studies were identified, 508 duplicates were removed, 455 related titles were chosen,
92 articles met the inclusion criteria and 83 studies were included in this review.

3. Definitions

“Eating habits” can be defined as the conscious and repetitive way a person eats, and
this includes what types of food are eaten, their quantities and timing of consumption,
in response to cultural and social influences [9]. On the other hand, “eating behaviors”
have been considered as a group of actions starting from a simple food chewing to food
shopping, food preparation and food policy decision-making [10]. Food patterns or dietary
patterns refer to the quantity, quality and variety of foods and beverages consumed as
well as the frequency with which they are habitually consumed, and it refers to the diet
as a whole [10]. A balanced diet is characterized by high intake of fresh FV, whole grains,
legumes, nuts, fiber, polyunsaturated fatty acids and low in both refined grains as well
as saturated fatty acids [11]. However, guidelines may differ in their recommendations
regarding the consumption of processed meat and dairy products, probably relating to the
national food culture, sustainable food choices and food safety [11].

4. Children’s Eating Habits

Dietary habits from childhood track into adulthood, so understanding children’s
eating habits is very important in terms of children’s health [12]. Nutrition is the main
factor of interaction between parents and children, especially during the first year of life,
starting by breastfeeding [12]. By the end of the first year of life, children start learning to
feed themselves and make the transition to the family diet and meal patterns [12]. A review
study that assessed both national and international research articles on child nutrition and
eating behaviors concluded that as children switch to the family diet, recommendations
from parents address not only food, but also the eating context, which refers to the imme-
diate environment of each eating occasion [12]. Moreover, the same study suggested that a
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variety of healthy food items provided to children can promote their diet quality and food
acceptance [12].

A study across 11 countries suggested that the nutritional status of children from
birth to the age of 2 years was positively associated with dietary variety [13]. Furthermore,
exposures to FV in early childhood have been associated with higher acceptance of these
foods at later ages [13]. A longitudinal study of 120 2-year-old children and their parents
followed for 9 years found that around 25% of children experienced some eating problems
such as being hesitant to try new foods or insist on a limited number of food items (no
variety), concluding that those problems may lead them to become picky eaters [14].

However, children with eating problems (i.e., picky eaters, meal skippers) may be at
risk for behavioral problems, as well as impaired growth and development [14], whereas
repeated exposure was found to be the main way for children to recognize the food. Thus,
parents are advised to keep introducing food items more than once, and to avoid getting
discouraged or giving up [12].

5. Home Food Environment

The home food environment includes the availability and accessibility of food, as
well as other factors such as frequency of eating out, and parents’ perception of food
costs [15]. In addition, the home food environment was found to have remarkable effects
on eating behaviors of parents and their children as most of the food consumed is stored
and prepared at home [15]. Although children are likely to be influenced by their home
food environment and the community, they may have limited control over it [16]. Results
from the Quebec Longitudinal Study of Child Development, which included 1492 children,
found that children who had a better family environment, i.e., less family pressure to
eat, had low levels of soft-drinks consumption (unstandardized β = −0.43, p < 0.001, 95%
confidence interval (CI), –0.62 to −0.23), and high level of fitness (unstandardized β = 0.24,
p < 0.001, 95% CI, 0.12–0.36) [16]. In the same vein, the baseline survey of the Identification
and prevention of Dietary- and lifestyle-induced health Effects in Children and infants
(IDEFICS) study, which included 1435 families from eight European countries, found that
home food environment plays a stronger role in shaping children’s intake of healthy foods
than unhealthy foods, especially for younger children [17].

As previously mentioned, the home food environment determines what kind of
foods are available and accessible to children [15]. While availability and accessibility are
often merged into a single construct, the content map presented in Vaughn’s study [18]
considered them separately because they may have differential effects on children’s diet
and eating behaviors. Accordingly, these diverse definitions could explain the differences
found in the results of studies. Availability is related to the physical presence of food [18],
whereas accessibility refers to parental actions to control how easy or difficult it is for
children to access food by themselves or with limited assistance [18]. A review about the
availability and accessibility of FV at home found that both availability and accessibility
were associated with FV consumption among children and adolescents and inversely
associated with children’s total energy and fat intake [19].

Besides, low consumption of nutrient-poor, energy-dense food items, like sugar-
sweetened beverages, cookies, packed snacks, food high in saturated/transfat, simple sug-
ars and sodium, were noticed when these items were and were not available at home [19].
However, low-income families seem to have low access to healthy foods and possibly
greater access to fast food due to dietary costs, which could explain some of the relation-
ships between Socioeconomic Status (SES) and nutrient density of consumed foods [19].

Frequency of eating out is one of the dietary habits that are most influenced by the
household environment [20]. Ready-to-eat and out-of-home (OH) foods include vending
machines, take-away, cafes, restaurants, supermarkets and convenience stores [20]. Nowa-
days, families seem to prepare less food at home and spend more money on foods prepared
away from home [20], and food prepared OH tends to be more energy-dense than food
prepared at home, particularly in terms of fat and sugar content [20]. In addition, focus
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groups among the urban community in the US found that parents desire easy, convenient
and tasteful meals that are culturally appropriate and low-cost, while some families may
believe that food eaten out is lower in cost and tastier [21]. These beliefs would encourage
parents to eat out and thus perpetuate the cycle of decreased home-prepared meals. Conse-
quently, children may have less opportunities to learn culinary skills, have access to healthy
diet, or reinforce healthy eating habits [21]. Cross-sectional data from the UK National Diet
and Nutrition Survey Rolling Program of 4636 children and adolescents aged 1.5–18 years
showed that consuming food prepared outside the home was associated with a greater
intake of foods with high levels of fat and sugar in children [20]. Also, a systematic review
documented the nutritional characteristics of eating away from home and its relations with
the diet quality and energy intake. The results of this review concluded that eating outside
the home is associated with lower diet quality and micronutrients intake, like vitamin C, Fe
and Ca. However, the conclusion needed further confirmation as the review was based on
studies from national surveys from Belgium and the United States only [22]. Similar results
were obtained in a cross-sectional study conducted in Japan among 4258 caregivers, where
children with obesity had a lower frequency of shared home-made meals, after adjusting
for confounding factors.

However, validity and reliability of the questionnaire used to assess the frequency
of cooking were not examined [23]. Unfortunately, these studies have only considered
the effect of eating out without concerning the effect of ready-to-eat (unhealthy) meals
prepared at home.

6. Parenting Styles and Feeding Practices

In the literature, parenting styles have been defined as psychological constructs rep-
resenting the more general interactions between parents and children, whereas parental
feeding practices includes specific rules or behaviors used by parents to control when, what
and how much their children eat [24,25].

It has been previously stated by Horst and Sleddens [26] that according to Baum-
rind’s taxonomy, parenting styles have been divided into three categories: authoritarian,
permissive and authoritative. Whereas authoritarian styles are highly demanding but
less responsive, permissive styles include less demanding but high responsiveness, and
authoritative styles present both demanding and responsive [26].

Studies examining the direct role of parenting styles on children’s eating behaviors
are limited. However, a recent review of the evidence found that less parental monitoring
was presented in the permissive style, whereas more restrictive food and high pressure
on children to eat were linked to authoritarian parenting style. On the other hand, prefer-
able parental monitoring of the child’s food intake was associated with the authoritative
parenting style [27]. Another two systematic reviews concluded that children tend to
eat more healthily with a healthy body mass index (BMI) if they raised in authoritative
households. However, the effects of these generic parenting styles were generally indirect
and weak [28,29].

One review critically summarized previous research on parental feeding practices and
found that role models can play a really important part in shaping children’s eating habits.
Therefore, role modeling behaviors were recommended for parents such as: providing
healthy foods, modeling healthy eating and increasing encouragement to eat healthy
foods [30]. Results from a study that used the Parental Feeding Style Questionnaire (PFSQ),
which included 100 children (aged 2–5) in Hong Kong, showed that encouraging children
to consume a variety of foods was associated with healthier eating behaviors, like meal
frequency, better food choices and higher intake of fruits (Odd Ratio (OR) = 1.357; 95%
confidence interval (CI) = 1.188 to 1.551) and vegetables (OR = 1.335; 95% CI = 1.128
to 1.579) [31]. Whereas, using foods as rewards could increase the child’s preferences
for these food items. Thus, using unhealthy foods as rewards may promote children’s
consumption of unhealthy energy-dense palatable foods [31]. Likewise, a cross-sectional
study conducted in 17 primary schools in Dunedin city in New Zealand found that through
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a good parental role modeling, higher parental diet quality was associated with lower
consumption of cakes, chocolate, biscuits and savory dishes in children [32]. A cross-
sectional study included 13,305 children in nine European countries and found associations
(OR between 1.40 and 2.42, p < 0.02) between parental role modeling of healthful foods
with children’s dietary habits, food intake and preferences for fruits and vegetables [33].

The results of these studies highlighted the importance of parental modeling in terms
of their dietary behaviors and food choices on the diet of their children. However, parental
role modeling studies have employed different methods, with varying validity, to measure
children’s dietary intake, such as 24 h dietary recalls, food frequency questionnaires, parent
report of child dietary intake and child report of parental role modeling. This could explain
why correlations between parent and child reports for these studies have also been mixed,
whereas studies that have utilized both parent and child report are very limited.

A review study summarizing previous results on parental strategies and practices
concluded that a “moderate restriction” could be beneficial as children of moderately
restrictive parents were found to consume fewer calories, eat more fruits, and eat less fatty
snacks and sweets [34]. Besides, the “prompting and encouragement” feeding practice
made by parents could help their children to have healthier dietary habits [34]. The term
“moderate restrictions” indicates a careful use of restrictions by parents in which unhealthy
food items were gradually decreased and limited rather than being strictly forbidden,
whereas the word ‘encouragement’ refers to the situation when parents offer more types
of food with positive messages, but at the same time, children can still make decisions in
combination with their parents [31].

On the other hand, restricted parental feeding practice seemed to be related to overeat-
ing, especially among preschool-age children [35]. One longitudinal study assessed the
maternal influences on picky eating behaviors and diet of 173 9-year-old non-Hispanic
white girls [36]. The results of this study suggested that with mothers who were less
likely to pressure their children to eat, their children were less likely to be picky eaters
or overweight [36]. While, when parents highly restrict energy-dense foods from their
children’s diet hoping children choose healthful alternatives, children usually increase their
desire for it and start to eat when they are not hungry [34]. Therefore, various research
studies discourage pressuring practice as it can create a negative family eating environment
and make children pickier eaters [37,38].

Evidence suggests that high involvement and role-modeling practices are more favor-
able for supporting positive food-related behaviors, especially among young children. But
unfortunately, these studies cannot be taken as proof of causality. Thus, long-term studies
are needed to determine the causal link between parental feeding practices and children’s
eating habits.

Household food rules is another factor which is usually established by parents to guide
youth behaviors and achieve goals for their growth [39]. To explain further, for example,
both “limited fast food” and “limited portion sizes at meals” were significantly linked with
improved food consumption and weight status [39]. Whereas a rule of “no fried snacks”
was positively associated with percent body fat (PBF), however, the link between fat intake,
snacking and excess weight was unclear as snack foods are often grouped as one item
(e.g., chips, candies, ice cream and cookies) [39]. Besides, the “no snacking while watching
television” rule was found to be an effective one as children tend to eat more when they are
distracted and eating while watching TV also prolongs the eating period [39]. In a School of
Public Health Project, Eating and Activity over Time (EAT) researchers found that children
in families who watch TV while eating meals had a lower-quality diet than the children
of families who turned the TV off during meals [40]. In the same study, children who
watched TV while eating family meals seemed to consume fewer grains and vegetables,
and more soft drinks, than those who did not watch TV. Similar results were also found
among Australian children in which watching TV was associated with the consumption
of energy-dense foods and drinks [41]. However, these studies do not definitively prove

85



Nutrients 2021, 13, 1138

direct causal effects of household food rules on unhealthy food preferences and overall
unhealthy diet.

7. Parental Dietary Behaviors Influence on Children’s Eating Habits

Dietary preferences are formed by a combination of a complex interplay of genetic,
familiar and environmental factors. However, parents seemed to have a high degree of
control in modeling their children’s eating behaviors [42]. During the first year of life,
children’s dietary patterns undergo a rapid evolution since parents are the ones who select
the foods of the family and serve as models of eating. Thus, children tend to imitate
their parents’ behaviors as well as eating habits [42]. As illustrated in Figure 1, children’s
eating behaviors are affected by social, physical and intra-individual factors. In the family
environment, parents establish more than 70% of their children’s dietary behaviors by their
own intake and the methods followed to socialize their children [42]. To systematically
assess the effect of parental dietary patterns on children, several studies have been revised,
which summarize how parental eating habits and feeding styles have been significantly
associated with children’s eating behaviors, food preferences, intake and consumption
(Supplementary Table S1).

Figure 1. Summary of home/family-related determinants of children’s eating habits.

Parental dietary behaviors refer to the passive processes that influence their children’s
dietary behaviors and food environment [43]. Various cross-sectional studies have indicated
the close similarity between parents and children in the intakes of some healthy and
unhealthy foods and beverages, as well as dietary composition, especially when more
meals are eaten together [44–48]. Although this association has demonstrated that parents’
dietary behavior might influence children’s intake, these studies cannot be used to conclude
causality. Therefore, the process by which parents affect their children’s food intake remains
largely unclear.

Four focus groups were conducted in Belgium among parents and caregivers showing
that the influence of parental practices differs by age. The younger the child, especially
at preschool age and first years of primary education, the stronger the role of parental
practices [43]. The same study found that children may consider parents’ norms and
perceptions as a reference for what is appropriate to consume [43].
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Various cross-sectional studies found showed a significant positive association and
substantial correlation between children’s and parent’s intake of various foods [49–51].
Thus, parents’ eating behaviors have proven to be a part of the whole process of establishing
and promoting healthy or unhealthy dietary patterns among children and adolescents [42].
A Parent Mealtime Action Scale (PMAS) was developed among 439 fathers and 541 mothers
in the USA to examine the dimensions of mealtime behaviors used by parents on children’s
diet and weight status. The results showed that parents could be influenced by their
environment and culture, which may also affect their food choices, suggesting that their
children’s dietary patterns and nutritional status may also be altered accordingly [52].
Whereas the same study found that obliging a child to accept healthy food through giving
advice only, without eating it themselves, is a dead end in nutrition education [52].

Previous studies concluded that parents’ influence is thought to be strongest dur-
ing childhood, especially in early ages, when parents act as role models, enforcers and
providers. Therefore, intervention programs should consider what parents consume as
well as the parental influence in terms of what parents feed their children and how they
feed them.

7.1. Family Meals

Family meal has been defined as a meal being shared with family members or when
one, or both, of the parents are present [53]. There are differences when analyzing the
frequency of family meals: some considered it as having ≥3 and others ≥5 family meals
taken weekly [53]. Thus, the lack of specificity and consistency in measuring, analyzing and
defining family meals makes it difficult to come up with definite results and to compare
results [53].

A systematic review [54] that focused on the effects of family meal frequency and
psychosocial consequences in youth concluded that more frequent family meals were
inversely associated with disordered eating, violent behaviors and depression in children.
Additionally, in the same review, it was found that more frequent family meals were
positively associated with an increased self-esteem among children [54]. It is agreed
that family meals represent an important moment of both control and interaction in the
family [55]. A study of family mealtime characteristics of Australian families with children
aged 6 months to 6 years old showed that parents place high value on mealtime when
they share meals with their children, which helps children to promote healthy eating
behaviors. An important strength of this study was the reliable survey measures, but
the used online, self-report surveys can be affected by respondent interpretation bias [55].
The presence of parents during mealtime has been linked to decreased meal skipping and
increased consumption of dairy products and FV [43]. Correspondingly, results of the Next
Generation Health Study in the US showed a higher FV consumption among children
whose parents were eating the same food items and sharing their meals with them. This
study included a large, nationally representative and generalizable sample; however, the
self-estimation and self-report assessment were susceptible to recall bias [56].

In Scotland, a cohort of young children followed-up for 10 years suggested that deter-
mining the characteristics of family mealtime practices is needed to increase diet quality
and improve children’ eating behaviors, such as reduced access to TV viewing during
meals, portion sizes, sitting at a table, besides social engagement between parents and
children [57]. Similarly, the Quebec Longitudinal Study of Child Development investigated
the effect of frequent family meals on children, and results showed that children who had
a better family meal environment at the age of 6 years had lower levels of soft-drinks
consumption and higher levels of fitness when they reached 10 years [16]. In the same
vein, a Harvard cohort study found that children who eat together with their parents are
twice as likely to eat their five servings of FV compared to families who do not share their
meals. Moreover, in the same study, family meals seemed to help parents to perform as
role models and be considered as an example of polite table manners and healthy eating
habits [58]. In addition, results from the same study also showed that shared meals seem
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to help in childhood obesity prevention as children tend to eat less when they eat in the
presence of their parents [58]. Participants in this study were children of nurses, hence,
they all came from highly educated families compared to the general population [58].

One meta-analysis concluded that higher frequency of shared family meals in children
and adolescents was significantly associated with a normal body weight and healthier
dietary habits when they shared family meals 3 or more times per week [59]. Additionally,
home cooking and shared family meals have been considered as a key strategy to promote
healthy dietary habits and prevent obesity among children [60,61]. A family meals-focused
randomized controlled trial in 160 families of 12-year-old children followed-up for about
5 years. Data were collected at baseline, post-intervention and follow-up, and results
indicated that promoting healthy shared family meals could lead to a moderate reduction
in excess body weight, especially among young children.

Despite the rigorous design, quality measurement and strong theoretical framework
used in this study, the generalizability of study findings is limited [61], while engagement
in family meals has been considered as the simplest and easiest independent intervention
that could be applied to establish a healthy family environment [61]. Therefore, eating
environment should be taken into account as it usually affects family communication,
parents and children interactions, what kind of food is served, how much is eaten at meals
and frequency and lengths of meals. However, it seems that the specific mechanisms of
how family mealtimes influence children’s nutritional outcomes are yet unclear and should
be investigated.

7.2. Breakfast Routine

“Breakfast” refers to the first meal of the day, or a meal often eaten in the early morn-
ing [62]. The findings from the “Anthropometry, Intake and Energy Balance” (ANIBES)
Study [62] reported that around 85% of the Spanish population (9–75 years) were regular
breakfast consumers, although one in five adolescents were breakfast skippers. It has also
been found in the same study that breakfast provides only 16–19% of the daily energy
intake. Among the specific foods, the most commonly consumed breakfast foods among
children and teenagers were chocolate, pastries and milk [62]. Additionally, a review
studied the benefits of breakfast by involving national dietary survey data from various
countries including Spain, the UK, Canada, the USA, Denmark and France. Its results
found that a healthy regular breakfast has been associated with improved cognitive health,
nutritional status and lower plasma cholesterol levels among children and adolescents [63].
These results were supported by a cross-sectional study conducted among 126 children in
four elementary schools in Indonesia. Results from that study found that breakfast habits
of children were significantly associated with the parent’s breakfast habits [64]. Moreover,
in the same study, 23% of fathers and 15.9% of mothers were not having breakfast daily,
whereas, 17% of children reported that they are not taking their breakfast because no food
was available at home in the morning [64].

One of the most wide-reaching reports is that of the European branch of the World
Health Organization, who conducted a health behavior survey of over 200,000 male and
female schoolchildren, 11–13 and 15 years of age in 39 European states in 2009/2010 [63].
Overall, 61% of 13-year-olds consumed a breakfast on each school day, while the figure fell
to 55% among 15-year-olds. In general, breakfast consumption was most common among
boys and declined with lower socio-economic status [63]. These data showed that about
half to one third of children do not have breakfast every day, although the data does not
reveal the actual frequency of breakfast intake [63]. The report also indicates that regular
breakfast consumption is associated with higher intakes of micronutrients, a better diet
that includes FV and less frequency of consumption of soft drinks [63]. According to the
Health Sponsorship Council (HSC), there are more than 100,000 children worldwide aged
1–5 years missing breakfast at least once per week, while their parents are also skipping
this meal. Besides, over 36,000 children worldwide never consume breakfast at home.
It has been revealed that children of parents who skip breakfast are more likely to skip
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their breakfast, consume more energy-dense nutrient-poor food and are more likely to be
overweight [65]. A cross-sectional study including 426 children aged 10–14 years from 4
local schools in Queensland found that skipping breakfast among children was associated
with the lack of perceived parental emphasis on consuming breakfast (OR = 3.67, 95% CI:
1.75–7.68) [66].

Another cross-sectional survey conducted among preschoolers aged 2–5 years in Hong
Kong showed that most children were having their breakfast daily but less than half of
them consumed the recommended number of dairy products and FV [31]. Consequently,
these studies suggested that parental breakfast-skipping habits are strongly associated
with breakfast skipping among their children. Thus, findings underline the importance of
addressing parental habits and their children’s in the intervention plan.

7.3. Snacking Habits

“Snack” has been defined as a small portion of foods or drinks that is taken between
regular meals [67]. Another study considered snacks as food items consumed at different
times of the day [68]. A study conducted in Spain defined snacking as the process of
consuming any food intake outside the three main meals, including mid-morning snack
“between breakfast and lunch” and mid-afternoon snack “between lunch and dinner”, and
nibbling, “disorganized and without defined timing” [69]. The term “snack” seems not to
have a static definition [67]. Thus, the impact of snacking is difficult to be assessed due to
the variety of its definitions in the literature [67].

In Spain, it has been found that 84.4% of younger and 78.3% of older children were
mid-afternoon snack consumers. Specifically, sandwich was the most common food item
consumed [69]. Excessive consumption of soft drinks and high-fat-containing snacks and
low intake of fruits and vegetables was reported among Mexican children in five Baja
California counties [70]. Similar findings were found in a cross-sectional study which
involved 109 students and their parents in Milan. Results showed that more than 35% of
snacks consumed by school-age children were sweets, 23.8% sugary drinks, 9.4% savory
snacks, whereas consumption of nuts, yogurt and fresh fruits was very low [71].

Despite limited data, a systematic review concluded that parents’ eating behaviors,
whether positive or negative, have an impact on the quality of snacks consumed by
their children [72]. Whereas consumptions of lower-quality snacks were associated with
increased prevalence of overweight among children [73–75]. Some research studies found
that the influence of parents on children’s snacking habits depends on the children’s life
stage and age. For instance, parental influence decreases in the transition from childhood
to adolescence [76,77]. The nationally representative surveys of food intake in US children
demonstrated a positive association between parents’ and children’s snack consumption,
where children tend to consume more snacks if their parents prefer to have more snacks
throughout the day [78]. A cross-sectional study which included 1632 elementary school
children in Japan showed that their snacking habits were affected by paternal eating
habits, for example, children did not consume vegetables as snacks as it was not offered
by their parents. Nonetheless, since data were collected only from children in Takaoka
city in Japan, the results may not be generalizable to a global population [79], whereas
children’s consumptions of FV as snacks were high in homes with greater FV intake among
parents as well as FV availability [79]. These results were confirmed by another study
which used a Web-based survey among 9842 students in Australia and found that when
parents offered more snacks, children consumed more snacks [80]. Another cross-sectional
study conducted among 667 students selected from schools in West-Flanders (Belgium)
confirmed that parental monitoring and child’s eating schedule or routine set by parents
were associated with more FV intake among girls (p ≤ 0.001, 95% CI: −1.8 to −0.5) and
boys (p ≤ 0.001, 95% CI: −1.7 to −0.5), and reduced negative eating behaviors such as less
unhealthy snacking [81]. Results of comprehensive questionnaires, completed by parents
of children aged 4–8 years (n = 203) in New Zealand, found that the lack of rules regarding
the offering of foods to children was associated with a higher intake of fatty snacks [82].
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Based on previous studies, it is suggested that during school age, parents play an
important role in the control of children’s food intake and food choices. Thus, the whole
family is encouraged to be involved in the educational interventions to prevent imbalanced
snacking behaviors in children.

8. Conclusions

Multiple parental factors influence a child’s dietary habits and are reciprocally inter-
acting, so they cannot be considered separately. The family environment that surrounds a
child’s domestic life has an active role in establishing and promoting behaviors that will
persist throughout their life. Family meals seem to represent an important moment of both
control and interaction, which contributes the most in modeling children’s dietary habits.
Parents should avoid excessive pressure or restriction as it can create a negative social and
emotional experience that could affect children’s acceptance of the food. Instead, parents
should encourage their children on healthy snacking as well as not to skip their breakfast.
This can be achieved through positive and active social modeling as well as moderate
restriction. Given the considerable evidence for the strong effect of parents on their chil-
dren’s dietary habits, we believe that parents’ child-feeding behaviors should receive more
attention in childhood obesity prevention policies. We recommend that parents should be
provided with information and guidance on how, as well as what, to feed their children,
and these promotion strategies should be particularly aimed at parents’ unhealthy eating
too so they can improve their diet and so their children will imitate them.
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Abstract: Childhood obesity is an area of intense concern internationally and is influenced by
events during antenatal and postnatal life. Although pregnancy complications, such as gestational
diabetes and large-for-gestational-age birthweight have been associated with increased obesity risk in
offspring, very few successful interventions in pregnancy have been identified. We describe a study
protocol to identify if a reduced calorie diet in pregnancy can reduce adiposity in children to 3 years of
age. The dietary intervention in gestational diabetes (DiGest) study is a randomised, controlled trial
of a reduced calorie diet provided by a whole-diet replacement in pregnant women with gestational
diabetes. Women receive a weekly dietbox intervention from enrolment until delivery and are
blinded to calorie allocation. This follow-up study will assess associations between a reduced calorie
diet in pregnancy with offspring adiposity and maternal weight and glycaemia. Anthropometry
will be performed in infants and mothers at 3 months, 1, 2 and 3 years post-birth. Glycaemia will be
assessed using bloodspot C-peptide in infants and continuous glucose monitoring with HbA1c in
mothers. Data regarding maternal glycaemia in pregnancy, maternal nutrition, infant birthweight,
offspring feeding behaviour and milk composition will also be collected. The DiGest follow-up study
is expected to take 5 years, with recruitment finishing in 2026.

Keywords: gestational diabetes mellitus; pregnancy; study protocol; randomised controlled trial;
large for gestational age; complex intervention; calorie restriction; maternal weight gain; childhood
obesity; adiposity; type 2 diabetes; prevention

1. Introduction

Gestational diabetes, a common complication of pregnancy, is associated with short-
term and long-term health implications for the baby [1,2]. Infants are commonly large-
for-gestational-age at birth (LGA; >90th centile) and have a higher risk of obesity in
childhood [2,3]. Unfortunately, very few interventions are available with proven efficacy to
reduce the likelihood of childhood obesity in these high-risk children. The early develop-
ment of obesity in children with existing environmental and genetic susceptibilities to type
2 diabetes is a major public health concern [4].

Events in pregnancy, perinatal and early postnatal periods may be important for future
childhood obesity, but are relatively understudied, particularly in specific high-risk popula-
tions [5]. Babies born to mothers with gestational diabetes often have multiple risk factors
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for childhood obesity, which appear to have an additive effect upon risk. Maternal obesity
in pregnancy [6,7], maternal excessive gestational weight gain [6], maternal postnatal
weight retention [6], exposure to hyperglycaemia in utero [8–10], perinatal complications
such as large-for-gestational age at birth [9,11,12], infant formula feeding [13] and increased
growth trajectory in early life [14] are all established risk factors for childhood obesity or
adiposity and are common features of a pregnancy affected by gestational diabetes.

It is therefore possible that an intervention which addresses maternal weight in
pregnancy may reduce obesity rates in offspring. Family interventions (which target at
least one parent to improve obesity rates in children) are already well-established in the
prevention of childhood obesity [5]. However, many interventions to reduce the risk of
childhood obesity target older children (2–10 years) and may miss the opportunity to
intervene in early years [5,15]. The DiGest study, a currently ongoing dietary intervention
in pregnant diagnosed with gestational diabetes, provides the opportunity to study the
influence of a pregnancy weight intervention upon risk factors for childhood obesity in
early life [16].

The DiGest Study is a randomised, double-blind controlled trial of a reduced calorie
diet using a novel dietary intervention to assess the benefits of controlling maternal weight
gain in late pregnancy in gestational diabetes. The trial is described in detail elsewhere [16].
Briefly, women are randomised to receive a weekly dietbox containing all meals and snacks
and are blinded to the overall calorie content (1200 kcal/day for intervention group and
2000 kcal/day for control group; 40% carbohydrate, 25% protein, 35% fat). The dietbox
commences at enrolment, typically 28–32 weeks’ gestation, and continues until delivery of
the infant. The clinical care team and research team are also blinded to calorie allocation.
Dietboxes are nutritionally balanced and low in glycaemic index, low in saturated fat, high
in vegetables and protein and suitable for use in pregnancy. Data will be collected to assess
the impact upon maternal weight gain, infant birthweight and a range of obstetric and
glycaemic outcomes during late pregnancy up to 3 months postnatally [16]. The design
of the DiGest trial provides the opportunity for a controlled and blinded dietary study
and reduces potential bias due to differences in maternal educational level, cooking ability,
income and kitchen facilities.

In this manuscript we describe a follow up study to the DiGest trial which inves-
tigates the effect of the reduced calorie dietary intervention in pregnant women upon
the development of obesity in a high-risk population of children from birth to 3 years
of age. The hypothesis is that a reduced calorie diet in late pregnancy in women with
gestational diabetes reduces offspring adiposity and improves maternal weight at 1, 2 and
3 years postpartum.

2. Materials and Methods

Study design and ethical approval: The DiGest Follow up study is an observational
study on the effects of a multicentre, prospective, randomised double-blind controlled
dietary intervention trial conducted in late pregnancy. In summary, participants of the
follow up study will have been exposed to either the intervention diet of 1200 kcal/day, or
the control diet of 2000 kcal/day as part of the DiGest study. Macronutrient ratios were
identical for each diet; 40% carbohydrate, 25% protein, 35% fat. Meals were prepared from
the same recipes, with a factor of 1.667 used to convert portion size to obtain meals of two
different sizes. This diet it provided from enrolment (typically 28–32 weeks’ gestation) to
delivery of the infant. Participants will have attended 4 study visits in total to provide blood
samples, blood pressure, body weight and anthropometry measurements, and to complete
a series of questionnaires. Randomisation for the original DiGest study was stratified
for centre. Throughout the DiGest intervention and Follow-up study, both mothers and
children will receive standard NHS care, as described in the NICE guidelines [17]. The
study is being conducted in accordance with the Declaration of Helsinki, and the protocol
has been submitted to the Research Ethics Committee (UK Bloomsbury REC 21/PR/0213)
and the NHS Health Research Authority (IRAS 281062).
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Recruitment: The DiGest trial recruitment occurs at 5 hospital trusts in East Anglia,
UK. The same study sites will be used for the follow-up study. At 3 months postpar-
tum, DiGest trial participants will be given information about the follow-up study and
invited to participate by the research midwives, nurses, clinical research staff or by their
physician/obstetrician. For training purposes, students in healthcare disciplines (e.g.,
medicine, biomedical science, nursing, midwifery) may also occasionally recruit patients
under appropriate supervision. Informed consent will be obtained at the final visit of the
DiGest dietary intervention, with the mothers providing consent on their infant’s behalf.
Participants (or mother-infant dyad) can withdraw from the study at any time without
reason without affecting their clinical care. There is no financial incentive for this study, but
a small token of appreciation is provided for the child at each visit in line with guidelines
of the Royal College of Paediatrics and Child Health [18].

Eligibility criteria: All women from the DiGest cohort (confirmed gestational diabetes
and BMI 25 kg/m2 or above at enrolment) are eligible to enrol in the follow-up study,
however, they must be recruited within 12 months of the baby’s birth. Mothers would be
excluded if they are unwilling or unable to provide informed consent, if they experienced
stillbirth, neonatal death or had an infant born with severe congenital anomaly.

Follow-up visit structure: The study timeline is outlined in Figure 1. Study visits
will be carried out in the participants’ home, local hospital or at another place convenient
for the participant. The initial follow-up visit will coincide with the final DiGest visit at
3 months after the birth, where the consent form will be signed for both the mother and
infant. Maternal and infant anthropometry will be measured at this visit as part of the
DiGest study. Further Follow-up visits will take place at 1, 2 and 3 years postnatally and
will take approximately 45 min.

 

Figure 1. Summary of protocol and links between the DiGest trial and the follow up study.

Anthropometry Measurements: At all visits, maternal height and weight will be mea-
sured using a routinely calibrated stadiometer and weight scale (Seca Hammer Steindamm,
Birmingham, U.K.). Waist and hip circumference will be measured to the nearest 0.1 cm
with a fibreglass tape, in accordance with the World Health Organisation criteria [19]. Waist
circumference is located at the midpoint between the lowest palpable rib and the iliac crest.
Hip circumference is measured at the greater trochanters, or at the widest extension of the
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buttocks. Other maternal anthropometry that will be measured include mid upper arm
circumference and skinfold thickness, using Harpenden calipers recorded to the nearest
0.2 mm. Infant length and weight will be taken in a supine position, measured to the
nearest 0.1 cm using fibreglass tape, and 0.01 kg using scales (SECA 757 Infant digital scale,
Seca, Birmingham, UK). Infant abdominal circumference, head circumference, skinfold
thickness (Holtain calipers, Crosswell, Wales, U.K.), mid upper arm circumference will also
be measured by trained research staff according to methods described elsewhere [16]. All
equipment used to measure anthropometry are routinely calibrated.

Maternal Glucose Assessment: Due to the COVID-19 pandemic, a home-based OGTT
using continuous glucose monitoring (CGM) will replace the gold standard OGTT for
assessment of maternal glucose tolerance postnatally. An HbA1c will also be performed
to replace mothers’ annual diabetes check in primary care. We have previously assessed
the feasibility and efficacy of the home-based OGTT with good results (Kusinski et al.,
submitted to press). In brief, a Dexcom G6 CGM sensor is sited during the study visit with
a masked receiver so participants do not see their glucose results in real time. On day 3,
participants are asked to eat normally, and fast overnight for at least 10 h. On the morning
of day 4, at 09.00, participants are asked to drink a sachet of Rapilose (Galen, Craigavon,
UK) containing 75 g of anhydrous glucose. Participants can have sips of water but are asked
to consume no other foods or drinks for 3 h after the test. The timing of the home OGTT is
chosen to coincide with peak sensor accuracy. Glucose readings are taken automatically
every 5 min and transmit to the CGM receiver. Results from the OGTT at 0, 1 and 2 h
are included in the analysis. Other CGM metrics will also be used to assess glycaemia
as described in a recent CGM consensus statement. CGM metrics will be reported using
both adult non-pregnant and pregnant ranges to allow comparison with pregnancy data
gathered in the DiGest trial (also using a Dexcom G6 system).

Physical Activity Assessment

Participants will be asked to wear a wrist-worn accelerometer continuously for 7 days
concurrently with the CGM. The triaxial accelerometer is waterproof and does not have a
visual display, nor any auditory or vibrational cues, which means that participants will not
be able to influence their activity level based on what is recorded by the device and nor
will they be prompted to move about during periods of inactivity. These accelerometers
have been used in in women during and after pregnancy to assess their daily physical
activity with high compliance and produce reliable estimates of energy expenditure, overall
physical activity and moderate-vigorous intensity activity [20–22]. Accelerometry data
at 100 Hz will be collected and downloaded from the monitors for analysis. At the end
of the recording period, mothers will be asked to complete the Recent Physical Activity
Questionnaire (RPAQ), a self-completion questionnaire designed to assess an individual’s
physical activity over the previous four weeks. The questionnaire contains questions
about physical activity in four domains: at home, at work, commuting and during leisure
time. RPAQ has been validated against doubly labelled water and individually calibrated
heart rate and movement sensing to assess physical activity energy expenditure (PAEE)
in adults [23,24]. It has been used in diabetes prevention trials [25] and in longitudinal
studies of pregnant women [26].

Other Biochemistry samples: A blood spot sample will be taken from mothers and
frozen at −80 ◦C for future batch analysis of C-peptide and metabolomics. An optional
heelprick blood spot will also be taken from infants, for future batch analysis of C-peptide
and metabolomics. If a genetic sample has not been taken already as part of the DiGest
trial, a cheek swab will be taken from both mothers and infants. Mothers will be asked
to provide a sample of milk (formula or breast) which will be collected onto filter paper
for assessment of infant nutrition including lipidomic profiling. To protect participant’s
privacy, this can be performed after the visit.

Questionnaires: Mothers will be asked to complete validated questionnaires about
quality of life (EuroQuol EQ5D), eating behaviour (three factor eating questionnaire—
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TFEQ-18) [27], physical activity (RPAQ) [24] and web-based multiple pass 24 h dietary
recalls to assess habitual dietary intake (Intake24; [28,29]). These questionnaires have been
used during the DiGest trial and participants will be familiar with them. In addition,
mothers will be asked to complete questionnaires about parental feeding style (PFSQ) and
their baby or child’s eating behaviour (CEBQ) [30–33]. Information will be collected about
infant feeding choice and if relevant, duration of breastfeeding.

3. Results

The aim of the study is to investigate the effects of a reduced calorie diet in late
pregnancy in women diagnosed with gestational diabetes upon longer-term maternal
and offspring metabolic outcomes. The primary outcome for child health is standardised
weight at 1, 2 and 3 years of age. The primary outcome for the maternal population is
maternal weight at 1, 2 and 3 years postpartum.

Offspring secondary outcomes at 1, 2 and 3 years of age: There are multiple secondary
outcomes for children including weight, BMI, growth trajectory, and blood spot biomarkers
such as C-peptide or metabolomics at 1, 2 and 3 years. Questionnaire data will be assessed
to identify effects of the intervention in pregnancy upon child eating behaviour, with
assessment for confounding factors including maternal BMI, maternal eating behaviour
and parental feeding style.

Maternal secondary outcomes at 1, 2 and 3 years postpartum: Maternal outcomes to be
studied include maternal weight and weight change, BMI, anthropometry measures of adi-
posity, glycaemia (CGM metrics, HbA1c, OGTT results, indices of insulin production and
sensitivity, including HOMA-IR and HOMA-B, Matsuda score and Stumvoll index [34,35],
cardiometabolic health (blood pressure, heart rate, lipids, fasting insulin, fasting glucose),
maternal food intake, food nutritional content and quality, eating behaviour, quality of life,
and incidence of type 2 diabetes or gestational diabetes in a future pregnancy.

Analysis Plan: An intention to treat analysis of the primary outcome for child health
(standardised weight at 1, 2 and 3 years of age) will be based on linear regression with
adjustment for the stratification variable of study centre through a fixed effects model.
The potential role of other explanatory variables such as pre-pregnancy BMI, infant nu-
trition, infant postnatal growth trajectory or information from the questionnaires will be
investigated. A per protocol analysis will also be performed in participants with >80%
compliance and at least 4 weeks’ exposure to the intervention. Secondary outcomes will
also be examined through regression analyses (linear or logistic) appropriate for the type
of outcome being considered.

Power calculation: All eligible women and their infants will be invited to join the
follow-up study. However, calculations are based on assuming a 50% recruitment rate
(n = 250 women and their infants) and a 20% withdrawal rate. For the maternal primary
endpoint, data from earlier work suggest that typical values for maternal BMI outside of
pregnancy in women with a history of gestational diabetes is mean 28.7 kg/m2 (SD 7.1;
n = 416) and maternal postpartum HbA1c 37.5 mmol/mol (SD 7.5; n = 157) [36]. Using these
figures, recruitment of 250 women, will give 90% power to identify a 3 kg/m2 difference
in BMI (e.g., 29 vs. 32 kg/m2) and a 3 mmol/mol difference in HbA1c postnatally while
allowing for a 10–20% withdrawal rate. At 80% power, this sample size is sufficient to
identify a 2 kg/m2 difference in BMI (e.g., 30 vs. 32 kg/m2) and a 2 mmol/mol difference
in HbA1c postnatally.

For the offspring primary endpoint, assessment of infant weight will be based upon
z-(SD) scores. At the sample size of 250 infants, there will be 90% power to identify a 0.45
SD increase in weight with 80% power to identify 0.4 SD increase in weight. At the age of
2 years old, a z-score of 0.4 is equivalent to 0.5 kg.

4. Discussion

This follow-up study of the DiGest randomised controlled trial provides a unique
opportunity to assess the potential benefits of a dietary intervention in late pregnancy
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upon the development of obesity in children with multiple risk factors. The availability
of data from mid pregnancy until the age of 3 years also allows detailed characterisation
of the relative importance of pregnancy and postnatal risk factors in the development of
adiposity in early childhood.

Rates of maternal obesity are increasing in the antenatal population throughout
the world, and pre-pregnancy BMI is a strong predictor of both birthweight and future
childhood obesity. A recent metanalysis identified that maternal obesity was significantly
associated with overweight/obesity in early, mid and late childhood with odds ratios
2.43, 3.12 and 4.47, respectively [6]. Weight gain in pregnancy is also important and has
repercussions for women’s BMI for 15 years or more after the pregnancy [37]. Landon and
colleagues found that gestational weight gain was strongly related to obesity in children
aged 5–10 years old [10].

In addition to the effects of maternal obesity, exposure to intrauterine hyperglycaemia
appears to further increase the risk of childhood obesity. There is evidence that maternal
glycaemia in gestational diabetes is associated with childhood obesity at 10–14 years [2]
and altered anthropometry at 5–10 years, favouring obesity [10]. Maternal hyperglycaemia
can also indirectly increase childhood obesity rates, by increasing the risk of LGA in
offspring. Data from the UK and Canada suggest that childhood obesity rates in LGA
infants are at least twice that of children born appropriate for gestational age [11,38]. The
exact mechanisms behind these intrauterine exposures and later life obesity are unclear. It
is possible that altered placental secretary function, offspring hyperinsulinism and genetic
susceptibilities all play a role.

The design of the DiGest and DiGest follow-up studies also allows longitudinal
assessment of the effects of other pregnancy exposures upon longer-term offspring growth
and health. For example, metformin use in pregnancy has been associated with lower
birth weight but increased postnatal catch-up growth, but the consequences of this upon
longer-term offspring cardiometabolic outcomes remain less clear [39,40]. The collection of
anthropometric measures in offspring exposed to metformin in utero with paired blood
samples, and a comparable unexposed control group, provides opportunity to explore this
issue in greater depth.

Serum and cord blood stored for biomarkers such as leptin, adiponectin and placental
hormones provides opportunities to identify infants at an earlier stage who are at risk
of obesity in childhood. Previous work has demonstrated that cord blood leptin levels
are associated with pregnancy diet, physical activity and neonatal body composition in
a comparable population [41,42]. Cord blood adiponectin has also been associated with
body composition effects which may be distinct in male and female neonates [43] and may
additionally provide information about neonatal beta cell function [44]. Placental growth
factors and metabolic function have also shown relevance for pregnancy outcomes [45,46].
Taken together, it is feasible that biomarkers in cord blood or maternal serum may facilitate
early identification of offspring at risk of obesity and diabetes in later life, who could be
prioritized for health interventions.

Although maternal physical activity levels in pregnancy and postpartum are likely
to be vital for determining offspring habitual exercise levels, relatively few modifiable
factors have been identified in children’s physical activity levels in the very young [47,48].
Findings to date suggest that parents’ physical activity levels are associated with children’s
activity levels in pre-school aged children and role-modelling by mothers appears to be one
of the strongest associations [48]. However, relatively few studies have examined exercise
after gestational diabetes in mothers and children. The DiGest Follow-Up study uses both
questionnaires and accelerometers to assess physical activity, information which could
inform future interventional studies.

Infant feeding and growth trajectory in the first year of life are also important. Al-
though randomised studies of feeding modality in early life are not possible, observational
analyses in unselected populations suggest consistent benefits of breastfeeding upon rates
of childhood obesity [49,50]. There is also evidence that breastfeeding reduces childhood
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obesity risk in offspring of mothers with gestational diabetes and obesity [13,51]. Stettler
and colleagues reported that similar benefits may persist until adulthood in a study of
offspring to age 20 years [52]. The study also includes questionnaires about child eat-
ing behaviour, child food preferences and parental feeding style to examine behavioural
associations with obesity and feeding behaviour in children aged up to 3 years.

The aetiology of childhood obesity is therefore complex and multifactorial. In infants
of mothers with gestational diabetes, multiple risk factors are often evident at birth. Suc-
cessful interventions are urgently needed to reduce the risk of obesity and future metabolic
disease in these high-risk children.

5. Conclusions

The DiGest follow-up study provides the opportunity to assess pregnancy and post-
natal risk factors for the development of childhood obesity, and to describe the potential
impact of a dietary intervention in pregnancy. Early intervention in offspring with existing
environmental and genetic susceptibilities to type 2 diabetes will be vital to break the
intergenerational cycle of obesity.

6. Patents
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Abstract: Complementary feeding (CF) should start between 4–6 months of age to ensure infants’
growth but is also linked to childhood obesity. This study aimed to investigate the association of
the timing of CF, breastfeeding and overweight in preschool children. Infant-feeding practices were
self-reported in 2012 via a validated questionnaire by >7500 parents from six European countries
participating in the ToyBox-study. The proportion of children who received breast milk and CF at
4–6 months was 51.2%. There was a positive association between timing of solid food (SF) intro-
duction and duration of breastfeeding, as well as socioeconomic status and a negative association
with smoking throughout pregnancy (p < 0.005). No significant risk to become overweight was
observed among preschoolers who were introduced to SF at 1–3 months of age compared to those
introduced at 4–6 months regardless of the type of milk feeding. Similarly, no significant association
was observed between the early introduction of SF and risk for overweight in preschoolers who were
breastfed for ≥4 months or were formula-fed. The study did not identify any significant association
between the timing of introducing SF and obesity in childhood. It is likely that other factors than
timing of SF introduction may have impact on childhood obesity.

Keywords: complementary feeding; solid food; breastfeeding; overweight; obesity

1. Introduction

Obesity is an increasing worldwide problem with an estimate of 340 million over-
weight or obese children and adolescents aged 5–19 in 2016 and 38.2 million children
under the age of 5 years being overweight or obese worldwide in 2019. Moreover, health
expenditures for the adult population are constantly increasing, €70 billion per year in
Europe (2017) and $342.2 billion in the US (2013). Direct medical costs related to childhood
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obesity alone were approximately $14 billion in 2013 and they are expected to rise signifi-
cantly, especially because today’s obese children are likely to become tomorrow’s obese
adults [1–5].

One of the risk factors for childhood obesity is inappropriate nutrition during infancy.
The advantages of exclusive breastfeeding (EBF) compared to partial breastfeeding in the
first months of life have been recognized. The World Health Organization’s global public
health recommendations promote “exclusive breastfeeding for 6 months” with continued
breastfeeding up to the age of two years or beyond. Complementary feeding (CF) should
occur when a baby is both developmentally ready and when breast milk is no longer
able to fulfil the nutritional requirements of the child [6,7]. The recommended period for
starting CF as stated by the European Society for Pediatric Gastroenterology, Hepatology
and Nutrition is at week 17–26 (between the beginning of the fifth month and the beginning
of the seventh month of life) [8].

The protective role of breastfeeding (BF) against overweight and obesity has been re-
ported in many studies, showing a greater effect with longer duration of breastfeeding [9–11].
However, the association of timing of CF introduction and the quantity and quality of CF
with childhood obesity is controversial [12–18]. Some studies reported an association of
very early CF introduction before four months of age with later obesity in formula-fed
infants whereas there was little effect in breastfed infants [19]; overweight and obesity at
2–12 years; obesity at three years [20,21]. An association between early CF introduction and
overweight in children aged 1–17 has also been reported as being modified by the duration
of breastfeeding in a birth cohort study in the Netherlands (Prevention and Incidence
of Asthma and Mite Allergy—PIAMA) [22]. These findings are not consistent with the
conclusions of the systematic review by Pearce et al. who found no consistent association
between very early introduction of CF (prior to the age of four months) and childhood
body mass index (BMI) [23].

Since there is no consensus yet on a possible relationship between introduction of
solid foods (SF) and overweight in childhood, the aim of this study was to investigate
the association between the timing of CF, breastfeeding status and overweight in a large
pan-European sample of preschool children.

2. Materials and Methods

The ToyBox-study was conducted between May and June 2012 in six European coun-
tries (Belgium, Bulgaria, Germany, Greece, Poland and Spain) among parents/caregivers
of preschoolers born between January 2007 and December 2008. The ToyBox-study
(www.toybox-study.eu; accessed on 20 September 2020) adhered to the Declaration of
Helsinki and the conventions of the Council of Europe on human rights and biomedicine.
All the countries (Belgium, Bulgaria, Germany, Greece, Poland and Spain) obtained
ethical clearance from the relevant ethics committees and local authorities and all par-
ents/caregivers provided a signed consent form before being enrolled in the study. Detailed
information about the ToyBox-study design has been previously reported [24].

Data about perinatal information of preschoolers (including anthropometric measure-
ments at birth, breastfeeding and complementary feeding practices during the first year of
life) were obtained through a standardized self-administered questionnaire for primary
caregivers. They also aimed to include sociodemographic characteristics of the participants.
The questions about children’s nutrition during the first year of life were formulated with
a focus on the presence/absence of breastfeeding at each month after birth and the age
at which water, tea, juice, formula milk and solid/semi-solid foods were introduced. For
the purpose of limiting the recall bias, parents/caregivers were advised to use the child’s
medical records for the questions in the perinatal section, resulting in an excellent value
of ICC (intraclass correlation coefficient) in the test–retest reliability study—0.75, whereas
the questions on parental weight and height had “moderate-to-excellent reliability” (i.e.,
ICC ranged from 0.489 to 0.911) [25]. Data on health-related behaviors (dietary habits,
physical activity and sedentary behavior) of preschoolers and their parents were collected
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using validated questionnaires and the results regarding this topic are presented in other
papers [26,27].

Family socioeconomic status (SES) was categorized according to maternal years of ed-
ucation as “low SES” (≤12 years), “medium SES” (13–16 years) and “high SES” (≥16 years
of education). Preterm birth was defined as <37 gestational weeks, full-term birth—as
≥37 gestational weeks. Breastfeeding status was defined according to the WHO indica-
tors [28]. Exclusive breastfeeding indicated breastfeeding with no other food or liquid
given, except for medical drops and syrups (vitamins, minerals, medicines). Predominant
breastfeeding applied if the infant received additional water or water-based liquids. The
inclusion of other milks and foods (formula milk and/or semi-solids) was considered
partial breastfeeding. The ever breastfed rate was the proportion of infants aged less than
12 months who were ever breastfed. Complementary feeding included liquids and SF (fruit
juice, fruits, vegetables, meat, fish, eggs, milk products, creams and soup). Timely com-
plementary feeding rate was defined as the proportion of infants 4–6 months of age who
received breast milk and CF. Children without any information about feeding in the first
two months (n = 454) and without information about the time of solid foods’ introduction
(n = 300) were excluded from the analyzed study sample (n = 7554). Both the analyzed
and the excluded samples have similar distribution by country and participating status
(intervention or control groups).

2.1. Anthropometric Data

Children’s weight (to the nearest 0.1 kg) and height (to the nearest 0.1 cm) were
measured using a standardized protocol and standardized equipment which was calibrated
before and during the period of data collection [29]. All measurements were taken by
research assistants who were thoroughly trained before the initiation of the study to achieve
very good intra- and interobserver reliability agreement [30]. Overweight including obesity
was defined on the basis of the WHO criteria as BMI z-score > 2 standard deviations (SD)
and BMI z-score > 3 SDs, respectively, for children aged < 5 years. For children aged
> 5 years, overweight was defined as BMI z-score > 1 SD and obesity as BMI z-score >
2 SDs. Calculation of the ponderal index (PI = weight/height3) was used for assessment
of the weight status of children at birth, with a PI range of 2.0–3.0 g/cm3 considered
normal. Children with a PI > 3.0 were considered overweight, and those with PI < 2.0 were
classified as small for gestational age (SGA). Parental weight and height were self-reported
by parents/caregivers and their BMI was calculated. Parents/caregivers were categorized
according to their BMI as “under-/normal weight” (≤24.9 kg/m2), “overweight” (≥25 and
≤29.9 kg/m2) or “obese” (≥30 kg/m2) [31].

2.2. Statistical Analyses

Normal distribution of variables was tested with Shapiro–Wilk tests. Continuous
variables are presented as the means ± standard deviation in case they were normally
distributed (e.g., age of preschoolers, age of mothers, introduction of solid foods) and as
the medians and IQR (interquartile range) for non-normally distributed variables (duration
of breastfeeding, introduction of tea, introduction of fruit juices). Statistical analysis of
parameters’ distribution of the original samples by country was not applied as their number
was small (n = 6). Post-sampling or bootstrapping were not considered.

Categorical variables were analyzed using the χ2 test regarding country and children’s
BMI categories. An independent samples t-test was applied for comparison of the means
and percentages from two samples while the one-way ANOVA (analysis of variance) for
the means of more than two samples (birth weight; mother’s age).

Comparison of the medians was performed using the median test. The association of
feeding practices and children’s BMI as well as mother’s characteristics was determined
by the correlation analysis. Logistic regression analysis with 95% confidence intervals
(CIs) was used to estimate the odds of being overweight/obese (dependent variable) in
relation to different infant-feeding practices. The results were adjusted for mother’s age
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and BMI before pregnancy, SES, smoking habits during pregnancy and country. In order to
quantify the probability of complying with current recommendations for the introduction
of CF at 4–6 months of age, logistic regression analysis was performed and adjusted for
mother’s age and BMI before pregnancy, SES, smoking habits during pregnancy and
country. Compliance to recommendations for introduction of CF at 4–6 months of age
(yes/no) was considered as a dependent variable.

In the logistic regression models, the variables were selected based on their relevance
for the research topic and being tested for absence of collinearity, hence the presented
model coefficients correspond to variables with no significant impact as well. Thus, we
can reach a conclusion about the existence of meaningful links. The regression analyses
of the current data were targeted at identification of the relevant links between the study
variables, but not at constituting a universal model which may be applied for analysis
of other populations or for establishing new theories. The data were analyzed using the
Statistical Package for Social Sciences (IBM SPSS v. 20, Chicago, IL, USA). The level of
significance was set at p < 0.05.

3. Results

The total number of analyzed eligible questionnaires from the six countries was 6800
(mean age of the participants, 4.75 ± 0.43 years; 47.7% girls with no statistically significant
difference in gender distribution between the participating countries). The sociodemo-
graphic characteristics of responders are presented in Table 1. Additional information
regarding characteristics of the ToyBox-study sample were previously reported [24,31].

Table 1. Characteristics of participants by country (* χ2 test; ** ANOVA).

Country, n (%)

Belgium Bulgaria Germany Greece Poland Spain Total p

Gender
Male 600 (53.2) 438 (50.1) 577 (52.3) 841 (51.1) 707 (53.0) 392 (55.0) 3555 (52.3)

0.37 *Female 528 (46.8) 436 (49.9) 527 (47.7) 806 (48.9) 627 (47.0) 321 (45.0) 3245 (47.7)
1128 (100) 874 (100) 1104 (100) 1647 (100) 1334 (100) 713 (100) 6800 (100)

Mean birth weight (±SD)
3.34 (0.51) 3.26 (0.53) 3.32 (0.54) 3.14 (0.53) 3.44 (0.55) 3.32 (0.50) 3.29 (0.54) <0.001 **

Ponderal index at birth
Low 121 (10.7) 142 (16.2) 28 (2.6) 339 (20.7) 754 (59.6) 95 (13.2) 1633 (24.3)

<0.001 *Normal 914 (81.0) 690 (78.9) 883 (80.8) 1267 (77.2) 499 (39.5) 554 (77.7) 4806 (71.6)
High 93 (8.3) 42 (4.9) 28 (2.6) 34 (2.1) 12 (0.9) 66 (9.1) 274 (4.1)

BMI at month 6
Under-/normal 788 (94.9) 445 (90.6) 917 (91.7) 1334 (92.8) 818 (89.1) 545 (92.1) 4897 (92.0)

<0.001 *Overweight 35 (4.2) 21 (4.3) 65 (6.5) 85 (5.9) 75 (8.2) 41 (6.9) 322 (6.1)
Obese 7 (0.9) 25 (5.1) 18 (1.8) 17 (1.3) 25 (2.7) 6 (1.0) 98 (1.9)

BMI at month 12
Under-/normal 607 (94.4) 400 (82.1) 902 (91.0) 1231 (88.2) 749 (82.6) 515 (88.9) 4404 (88.0)

<0.001 *Overweight 27 (4.2) 60 (12.4) 62 (6.3) 130 (9.3) 131 (14.4) 55 (9.5) 465 (9.3)
Obese 9 (1.4) 27 (5.5) 27 (2.7) 35 (2.5) 27 (3.0) 9 (1.6) 134 (2.7)

BMI categories of preschoolers, n (%)
Underweight 8 (0.7) 5 (0.6) 4 (0.4) 11 (0.7) 7 (0.5) 2 (0.3) 37 (0.5)

<0.001 *
Normal weight 1059 (93.9) 764 (87.4) 1024 (92.8) 1356 (82.3) 1214 (91.0) 613 (86.0) 6030 (87.8)

Overweight 47 (4.2) 76 (8.7) 61 (5.5) 200 (12.1) 83 (6.2) 75 (10.5) 542 (8.0)
Obese 14 (1.2) 29 (3.3) 14 (1.3) 80 (4.9) 30 (2.2) 23 (3.2) 190 (2.8)

SES, n (%)
Low SES 453 (40.2) 124 (14.2) 243 (22.0) 790 (48.0) 445 (33.4) 290 (40.7) 2345 (34.5)

<0.001 *
Medium SES 341 (30.2) 300 (34.3) 388 (35.1) 448 (27.2) 395 (29.6) 256 (35.9) 2128 (31.3)

High SES 334 (29.6) 450 (51.5) 473 (42.8) 409 (24.8) 494 (37.0) 167 (23.4) 2327 (34.2)
1128 (100) 874 (100) 1104 (100) 1647 (100) 1334 (100) 713 (100) 6800 (100)

Mother’s age—mean (±SD)
33.7 (4.7) 33.9 (4.4) 35.7 (5.1) 37.1 (4.4) 34.5 (4.3) 37.7 (4.6) 35.4 (4.7) <0.001 **

BMI categories, n (%)
Under-/normal 755 (70.4) 667 (78.9) 727 (70.9) 1101 (70.1) 1011 (78.6) 503 (74.2) 4764 (73.5)

<0.001 *Overweight 217 (20.2) 133 (15.7) 213 (20.8) 328 (20.9) 204 (15.9) 134 (19.8) 1229 (19.0)
Obese 100 (9.3) 45 (5.3) 86 (8.4) 142 (9.0) 72 (5.6) 41 (6.0) 486 (7.5)
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Table 1. Cont.

Country, n (%)

Belgium Bulgaria Germany Greece Poland Spain Total p

Tobacco use during pregnancy
No smoking 1011 (90.7) 687 (79.8) 956 (89.2) 1340 (82.7) 1220 (93.2) 574 (81.0) 5788 (86.6)

Smoking, 2nd trimester 2 (0.2) 12 (1.4) 4 (0.4) 40 (2.5) 1 (0.1) 2 (0.3) 61 (0.9) <0.0001 *
Smoking, 1st and 3rd trimester 6 (0.5) 46 (5.3) 29 (2.7) 54 (3.3) 29 (2.2) 25 (3.5) 189 (2.8)
Smoking throughout pregnancy 96 (8.6) 116 (13.5) 83 (7.7) 187 (11.5) 59 (4.5) 108 (15.2) 649 (9.7)

Tea (chamomile and other types of tea, especially for baby colics) was the first CF
for most of the children in our study, introduced at a median age of three months (IQR,
2–5 months), resulting in a low proportion of exclusively breastfed children at four months
of age (Table 2).

Table 2. Infant feeding practices among pre-school children from the six countries, participating in the ToyBox-study.

Infant-Feeding Practice
Country, n (%)

p
Belgium Bulgaria Germany Greece Poland Spain Total

Exclusive breastfeeding at
4–6 months of age, n (%)

32
(2.8)

47
(5.4)

163
(14.8)

44
(2.7)

105
(7.9)

37
(5.2)

428
(6.3) <0.001

Ever breastfed rate, n (%)
751

(66.7)
811

(92.8)
928

(84.1)
1418
(86.1)

1263
(94.7)

606
(85.0)

5777
(85.0) <0.001

Duration of BF
(median; months; IQR)

4
(2–6)

5
(3–9)

7
(4–11)

3
(2–6)

9
(4–13)

5
(2–9)

5
(2–9) <0.001

Continued BF rate
(>12 months)

31
(3.9)

87
(10.3)

134
(12.1)

84
(5.9)

347
(26.3)

95
(15.7)

778
(12.8) <0.001

Introduction of tea
(median; months; IQR)

3
(2–4)

2
(2–4)

3
(1–6)

3
(1–6)

3
(2–5)

3
(2–6)

3
(2–5) <0.001

Introduction of fruit juices
(Median; months; IQR)

6
(4–12)

4
(3–6)

8
(6–13)

8
(6–13)

6
(5–7)

6
(5–8)

6
(5–8) <0.001

Introduction of SF, months
(mean ± SD)

4.6 ± 1.8 6.6 ± 2.0 6.3 ± 1.8 5.8 ± 1.2 5.8 ± 1.6 5.6 ± 1.5 5.8 ± 1.7 <0.001 *

Introduction of SF at
1–3 months of age, n (%)

197
(17.5)

19
(2.2)

18
(1.6)

15
(0.8)

15
(1.1)

16
(2.2)

279
(4.1)

<0.001 †Introduction of SF at
4–6 months of age, n (%)

839
(74.4)

485
(55.5)

694
(63.9)

1385
(84.1)

995
(74.6)

596
(83.6)

4994
(73.4)

Introduction of SF at
7–12 months of age, n (%)

92
(8.1)

370
(42.3)

392
(35.5)

248
(15.1)

324
(24.3)

101
(14.2)

1527
(22.5)

Exclusive BF at 4–6 months of
age + introduction of SF and

BF < 12 months

32
(2.84)

47
(5.38)

163
(14.76)

44
(2.67)

105
(7.87)

37
(5.19)

428
(6.29) <0.001

Exclusive BF at 4–6 months of
age + introduction of SF and

BF ≥ 12 months

15
(1.15)

24
(2.90)

74
(7.86)

18
(1.09)

142
(10.64)

18
(2.52)

225
(3.31) <0.001

* Introduction of solid foods is significantly different with exception of the following comparisons: Greece and Spain (p = 0.13); Greece
and Poland (p = 0.9); Poland and Spain (p = 0.18) (ANOVA); † p-value of the -χ2 test; EBF—exclusive breastfeeding; SF—solid foods;
IQR—interquartile range.

In the study sample, the median introduction to fruit juices was at six months of
age (IQR, 5–8 months), with the earliest introduction being among Bulgarian children
(median, four months of age; IQR, 3–6 months). In the total sample, the proportion of
4–6-month-old infants who received breast milk and CF (timely complementary feeding
rate) was 51.2% (35.4%, Belgians; 50.4%, Spanish; 53.7%, Polish; 67.8%, Bulgarians; 72.3%,
Germans (p < 0.01)). The median age of SF introduction was six months (IQR, 5–6 months),
with the earliest introduction in Belgium (median, four months of age, IQR, 4–5 months).
Some 26.6% (n = 1806) introduced CF outside of the recommended age range, with 4.1%
(n = 279) before the 16th postnatal week and 22.5% (n = 1527) after the 25th week. The
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time of CF introduction was correlated with breastfeeding duration (Spearman’s ρ = 0.2;
p < 0.001). There was a weak positive relationship between the introduction of CF and
SES (Spearman’s ρ = 0.08; p < 0.001) and a negative relationship with smoking during
pregnancy (Pearson’s r = –0.04; p = 0.003). Stratifying by country, a negative relationship
with smoking during pregnancy was identified only in the Bulgarian sample (Spearman’s
ρ = 0.12; p < 0.001).

The prevalence of overweight and obesity according to the WHO I criteria was 8.0%
(n = 542) and 2.8% (n = 190), respectively (Table 1). Infant-feeding practices showed a
different relationship to the prevalence of overweight and obesity at different stages of
childhood. Timely introduction of CF at 4–6 months of age had a negative association with
the prevalence of overweight and obesity at six and 12 months of age, with no differences
between breastfed and non-breastfed children (p < 0.05) (Table 3).

Table 3. Breastfeeding practices and weight status of children (χ2 and independent samples t-test).

Weight at Month 6 Weight at Month 12 Weight, Preschoolers

Under-/
Normal

Overweight Obese
Under-/
Normal

Overweight Obese
Under-/
Normal

Overweight Obese

EBF at 0–3 months
of age; n (%)

1672
(91.7)

116
(6.4)

35
(1.9)

1557
(88.6)

163
(9.3)

37
(2.1)

2104
(90.8)

170
(7.3)

43
(1.9)

EBF at 4–6 months
of age; n (%)

304
(90.2)

23
(6.8)

10
(3.0)

299
(88.7)

29
(8.6)

9
(2.7)

392
(91.6)

29
(6.8)

7
(1.6)

Introduction of CF
at 0–3 months of

age; n (%)

187
(93.5)

7
(3.5)

6
(3.0)

147
(92.5)

7
(4.4) *

5
(3.1)

262
(93.9)

12
(4.3) *

5
(1.8) *

Introduction of CF
at 4–6 months of

age; n (%)

3655
(92.5)

241
(6.1) *

54
(1.4) *

3310
(88.4)

349
(9.3) *

86
(2.3)

4447
(89.1)

401
(8.0) *

145
(2.9) *

Introduction of CF
at 7–12 months of

age; n (%)

1005
(90.0)

74
(6.6) *

38
(3.4) *

947
(86.2)

109
(9.9)

43
(3.9)

1358
(88.9)

129
(8.4)

40
(2.6)

EBF—exclusive breastfeeding; significant comparisons of the prevalence of overweight and obesity (independent samples t-test) at 6 months
of age: * introduction of CF (complementary foods) at 4–6 and ≥ 7 months of age—t = 2.71; p < 0.01; at 12 months of age: * introduction of
CF at 4–6 and 0–3 months of age—t = 4.32; p < 0.001; pre-school age: * introduction of CF at 4–6 and 0–3 months of age—t = 2.98; p < 0.01.

On the country level, the significant difference in the prevalence of overweight and
obesity at preschool age was observed only in two countries—late CF introduction (after
seven months) compared to earlier introduction is related to higher prevalence of obesity
in Belgium (p < 0.001) and to higher prevalence of overweight in Poland (p < 0.05) (Table 4).

Table 4. Breastfeeding practices and weight status of preschool children by country (χ2).

Country
Weight, Preschoolers, n (%)

Under-/Normal Weight Overweight Obese

Belgium

EBF at 0–3 months of age 304 (93.3) 17 (5.2) 5 (1.5)
EBF at 4–6 months of age 29 (90.6) 1 (3.1) 2 (6.3)

Introduction of CF at 0–3 months of age 187 (94.9) 8 (4.1) 2 (1.0) *
Introduction of CF at 4–6 months of age 801 (95.5) 32 (3.8) 6 (0.7) **
Introduction of CF at 7–12 months of age 79 (85.9) 7 (7.6) 6 (6.5) *

Bulgaria

EBF at 0–3 months of age 190 (91.8) 16 (7.7) 1 (0.5)
EBF at 4–6 months of age 43 (91.5) 4 (8.5) 0

Introduction of CF at 0–3 months of age 19 (100) 0 0
Introduction of CF at 4–6 months of age 416 (85.8) 49 (10.1) 20 (4.1)
Introduction of CF at 7–12 months of age 334 (90.3) 27 (7.3) 9 (2.4)
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Table 4. Cont.

Country
Weight, Preschoolers, n (%)

Under-/Normal Weight Overweight Obese

Germany

EBF at 0–3 months of age 458 (94.0) 23 (4.7) 6 (1.2)
EBF at 4–6 months of age 158 (96.9) 4 (2.5) 1 (0.6)

Introduction of CF at 0–3 months of age 16 (88.9) 1 (5.6) 1 (5.6)
Introduction of CF at 4–6 months of age 643 (92.8) 43 (6.2) 7 (1.0)
Introduction of CF at 7–12 months of age 369 (94.1) 17 (4.3) 6 (1.5)

Greece

EBF at 0–3 months of age 305 (84.7) 44 (12.2) 11 (3.1)
EBF at 4–6 months of age 36 (81.8) 6 (13.6) 2 (4.5)

Introduction of CF at 0–3 months of age 12 (85.7) 0 2 (14.3)
Introduction of CF at 4–6 months of age 1156 (83.5) 164 (11.8) 65 (4.7)
Introduction of CF at 7–12 months of age 199 (80.2) 36 (14.5) 13 (5.2)

Poland

EBF at 0–3 months of age 575 (92.3) 37 (5.9) 11 (1.8)
EBF at 4–6 months of age 95 (90.5) 9 (8.6) 1 (1.0)

Introduction of CF at 0–3 months of age 14 (93.3) 1 (6.7) 0
Introduction of CF at 4–6 months of age 916 (92.1) 53 (5.3) * 26 (2.6)
Introduction of CF at 7–12 months of age 291 (89.8) 29 (9.0) * 4 (1.2)

Spain

EBF at 0–3 months of age 272 (86.6) 33 (10.5) 9 (2.9)
EBF at 4–6 months of age 31 (83.8) 5 (13.5) 1 (2.7)

Introduction of CF at 0–3 months of age 14 (87.5) 2 (12.5) 0
Introduction of CF at 4–6 months of age 515 (86.4) 60 (10.1) 21 (3.5)
Introduction of CF at 7–12 months of age 86 (85.1) 13 (12.9) 2 (2.0)

Significant comparisons of the prevalence of overweight and obesity in preschool age (independent samples t-test): Belguim: obesity;
* introduction of CF (complementary foods) at 0–3 and 7–12 months of age (t = 2.06; p < 0.02); ** introduction of CF at 4–6 and 7–12 months
of age (t = 2.27; p < 0.001); Poland: overweight; * introduction of CF at 4–6 and ≥ 7 months of age (t = 2.12; p = 0.03).

Table 5 presents results of the logistic regression analysis identifying one single risk
factor connected to inappropriate timing of CF introduction (<4 months of age or >6 months
of age)—lower SES (OR = 1.25; 95% CI, 1.08–1.45).

Table 5. Maternal characteristics associated with non-compliance to the recommendation for intro-
duction of complementary foods (CF) at 4–6 months of age.

Introduction of SF at 4–6 Months of Age (n = 4266)
OR (95% CI), p

Smoking habits throughout pregnancy 1

No smoking 1 (reference)
Smoking, 2nd trimester 1.50 (0.75–3.01) 0.25

Smoking, 1st and 3rd trimesters 1.07 (0.75–1.53) 0.71
Smoking throughout pregnancy 1.22 (0.98–1.52) 0.08

BMI before pregnancy 2

Underweight 1.04 (0.85–1.29) 0.68
Normal weight 1 (reference)

Overweight 1.16 (0.97–1.39) 0.11
Obese 1.20 (0.89–1.62) 0.24

SES 3

Low 1.25 (1.08–1.45) 0.002
Medium 1.11 (0.96–1.28) 0.17

High 1 (reference)
1 Adjusted for age and BMI before pregnancy, country and SES. 2 Adjusted for age before pregnancy, smoking
habits during pregnancy, country and SES. 3 Adjusted for age and BMI before pregnancy, smoking habits during
pregnancy, country.

The logistic regression analysis showed that the odds of becoming overweight at
preschool age among children who had early introduction of SF (1–3 months of age)
compared to those with CF introduction at 4–6 months of age was 0.69 (OR = 0.69; 95% CI,

111



Nutrients 2021, 13, 1199

0.41–1.16; p = 0.16). The children introduced to SF before four months of age had a trend
for a different overweight risk at preschool age according to their BF status which was not
significant when adjusted for the mother’s characteristics (SES, education, pre-pregnancy
weight and smoking habits during pregnancy). For the children breastfed for ≥4 months,
early introduction of CF was associated with a trend for higher later overweight (OR = 1.23;
95% CI, 0.29–5.14; p = 0.78), while among the exclusively formula-fed breastfed children,
this risk tended to be lower (OR = 0.39; 95% CI, 0.052–3.12; p = 0.38). Late CF introduction
at 7–12 months of age was not related to a difference in later overweight and obesity risk
when adjusted for country, age and gender (OR = 0.98; 95% CI, 0.83–1.21; p = 0.99).

4. Discussion

Our study investigated the association between the timing of CF, breastfeeding status
and overweight among European preschool children. Breastfed children (any type of
breastfeeding) throughout the first 4–6 months of life and after the 12th month had a
lower prevalence of overweight/obesity in childhood compared to formula-fed children.
This finding is consistent with the European studies reporting similar results in previous
cohorts [9,14,32,33]. The main findings point at a lower prevalence of overweight/obesity
at six months of age (p < 0.001) in children with introduction of solid foods between
4–6 months of age compared to late introduction (7–12 months of age). However, there
were no significant findings for the prevalence at one year and at preschool age (p > 0.05).
A late SF introduction is related to a higher prevalence of overweight and obesity at six
months of age, 12 months of age and at preschool age. Our results are consistent with the
previously reported findings [15,18].

Pluymen et al. and Huh et al. reported that the duration of breastfeeding modifies the
association between CF introduction and overweight: BF for less than four months and CF
introduction before four months of age increased the risk for overweight by 37% compared
to those with CF introduction ≥ 4 months of age [21,22]. We found a non-significant
trend for an association of early introduction of SF and preschool overweight in breastfed
children but not in formula-fed children.

Different previous studies aimed at identification of predictors of children’s dietary
intake such as SES and geographic region [34,35]. SES is one of the most commonly
identified factors associated with childhood overweight and obesity and reflects a child’s
living conditions. However, there is uncertainty as to the mechanisms through which
SES influences the child’s weight. Breastfeeding practices and timing of CF introduction
are related to SES and other maternal characteristics such as BMI, age at birth, tobacco
use during pregnancy, gestational weight gain, depression and use of day care [36–39].
Results from the ToyBox-study show that mothers with low SES are more likely to have
overweight/obese children compared to those with medium/high SES (OR = 1.41; 95% CI,
1.17–1.71 [31].

The current analysis supports the findings of other studies that significant risk fac-
tors associated with non-compliance to the recommendation for introduction of CF at
4–6 months of age are low SES and smoking throughout pregnancy (p < 0.05) [14,40–42].
Maternal educational level did not modify the association of CF < 4 months of age and
overweight in the PIAMA cohort as well [19]. Rose et al., based on the data of the Infant
Feeding Practices Study II and Year 6 Follow-Up Studies, suggested that the mother’s
decisions about milk-feeding and the types and quality of solid foods introduced in infancy
can shape dietary patterns and obesity risk later in childhood. Infants who were offered
foods high in energy density at nine months of age had a higher intake of these foods at six
years of age and a higher prevalence of overweight compared to other classes of dietary
patterns [43].

Our results, which hopefully will be useful for improving effectiveness of childhood
obesity prevention programs in Europe, can also be utilized in low developed and develop-
ing countries. Although malnutrition is still a major challenge across the African continent,

112



Nutrients 2021, 13, 1199

the largest growth of obesity among 5- to 19-year-olds in the world between 1975 and 2016
was observed in southern Africa (about 400% per decade) [44].

A methodological limitation of the report is the cross-sectional study design of our
study which does not enable identifying cause–effect associations. Another limitation is
the parental self-reporting of weight, height, gestational weight gain, infant’s birth weight,
as well as BF practices and timing of CF introduction by mothers’ some 3–4 years later.
The use of the mean educational level as a single indicator for SES is another limitation
of the study. Furthermore, the mother’s alcohol consumption during pregnancy which
was not investigated as a risk factor for child health may be added to the list of the study
limitations. The strengths of our study are the large number of study participants, the
inclusion of children from several European countries adding external validity and the
standardization of measurement approaches [25,31].

5. Conclusions

We conclude that other variables have a greater impact on the risk for childhood
obesity than the timing of CF introduction. Therefore, intervention programs for childhood
obesity should be conducted, including educating mothers about healthy eating practices
and other possible risk factors for overweight.
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Abstract: As a major public health concern, childhood obesity is a multifaceted and multilevel
metabolic disorder influenced by genetic and behavioral aspects. While genetic risk factors contribute
to and interact with the onset and development of excess body weight, available evidence indicates
that several modifiable obesogenic behaviors play a crucial role in the etiology of childhood obesity.
Although a variety of systematic reviews and meta-analyses have reported the effectiveness of
several interventions in community-based, school-based, and home-based programs regarding
childhood obesity, the prevalence of children with excess body weight remains high. Additionally,
researchers and pediatric clinicians are often encountering several challenges and the characteristics
of an optimal weight management strategy remain controversial. Strategies involving a combination
of physical activity, nutritional, and educational interventions are likely to yield better outcomes
compared to single-component strategies but various prohibitory limitations have been reported in
practice. This review seeks to (i) provide a brief overview of the current preventative and therapeutic
approaches towards childhood obesity, (ii) discuss the complexity and limitations of research in
the childhood obesity area, and (iii) suggest an Etiology-Based Personalized Intervention Strategy
Targeting Childhood Obesity (EPISTCO). This purposeful approach includes prioritized nutritional,
educational, behavioral, and physical activity intervention strategies directly based on the etiology of
obesity and interpretation of individual characteristics.

Keywords: children; adolescents; overweight; obesity; weight management; lifestyle; body composi-
tion

1. Introduction

The examination of the etiology of childhood obesity is a growing area of research
aiming to yield important insights for public health [1,2]. During the last three decades,
the annual growth rate of publications on childhood obesity (average of 11.6% per year)
has been generally higher than other sub-areas in the pediatric field and biomedical
research [3]. Given the rising prevalence of childhood obesity in most developed and
developing countries, it is now considered a global pandemic [4]. Worldwide, an estimated
170 million children are considered overweight or obese currently [5], and approximately
more than half of them are predicted to become obese adults [6].

These trends in excess body weight may also contribute to an increase in chronic cardio-
metabolic disorders, typically observed only in adults (e.g., hypertension, hyperglycemia,
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and dyslipidemia), but are becoming increasingly common in children and adolescents with
obesity [7]. Additionally, pediatric populations with obesity are known to have several
psychosocial problems including discrimination, social isolation, and low self-esteem,
which affect their health, education, and quality of life [6,8]. Furthermore, the crosstalk
between obesity and many viral pandemics, such as the 2009 swine flu [9] or the current
COVID-19 pandemic [10,11], has provided new insights into mortal characteristics of this
chronic syndrome.

The etiology of obesity is complicated and multifactorial, which indicates that excess
body weight results from a complex interaction of a broad range of factors [12]. In addition
to genetic vulnerability as a well-recognized internal factor contributing to excess body
weight, a wide range of physiological disorders, as well as modifiable environmental
factors and obesogenic behaviors, play key roles in the development of obesity [11,13,14].
Amongst children, the most common obesogenic behavior includes high consumption of
unhealthy foods, low levels of physical activity (PA), high levels of mental stress, high
levels of screen time, and poor sleep patterns [1,2,15]. These behaviors are influenced by
several factors and interactions involving genetics, interpersonal relationships, and the
environment [16,17]. Additionally, some evidence indicates that obesity-related behaviors
are highly context-dependent and are influenced by several biopsychosocial factors [18].
When discussing the gene–environment interplay in the etiology of obesity, it is believed
that the contribution to an obese phenotype is not “nature or nurture”, but rather “nature
via nurture” [12]. Recently, Jackson et al. emphasized in their review that biology plays
a fundamental role in determining the amount of body fat in addition to environmental
factors [12]. Moreover, genetically predetermined obesogenic behavior seems to have a
significant relationship with environmental influence on body weight [12], which could
add to the complexity of obesity. This complex interaction is exemplified further by the
role of energy flux (the rate of energy expenditure and energy intake) in the regulation of
energy balance [19]. The complicated nature of childhood obesity which leads to a wide
range of inter-individual differences highlights the importance of child-centered specific
approaches, particularly personalized interventions, for managing childhood obesity.

Current scientific insights are limited in successfully decelerating the rise of the
childhood obesity pandemic; the present review’s primary goal is to establish a novel
translational link between the literature and practice by introducing applied strategies
targeting childhood obesity. Therefore, the purpose of this narrative review is to provide
a brief overview of the current preventative and therapeutic approaches towards the
management of childhood obesity (focusing on their limitations and complexity), and
accordingly, to suggest an Etiology-Based Personalized Intervention Strategy Targeting
Childhood Obesity (EPISTCO) as a purposeful approach to prioritize and implement
nutritional, PA, and lifestyle intervention strategies based on the etiology of obesity and
interpretation of individual characteristics. These objectives are based on the limited
success of previous efforts targeting childhood obesity.

2. Weight-Related Behaviors in Children

Comprehensive clinical guidelines and recommendations to diagnose, prevent, and
treat childhood obesity have been well documented for pediatric specialists to implement
at different stages in obesity prevention and treatment programs [20,21].

Nutrition and dietary pattern not only affect anthropometry and body composition
in children and adolescents, but they also influence neurocognitive and psychomotor
development [22,23]. Evidence indicates that when compared to adults, children and ado-
lescents are at a higher risk of insufficient intake of certain food groups (e.g., whole grains
and/or unprocessed foods) [7,24], which may contribute to the increased risk of obesity [7].
Calorically restricted diets are widely used to target childhood obesity [22], but potentially
contribute to nutrient deficiencies, which may impair growth and development [22,25].
The importance of adequate nutrient consumption for growth and development also
emphasizes the need for targeting energy expenditure by ensuring sufficient PA. Even

118



Nutrients 2021, 13, 1200

though detrimental effects of insufficient PA on various health and weight outcomes are
well-documented, results from a comprehensive analysis including 1.6 million adolescents
from a pooled number of 298 school-based studies from 146 countries show that 80% of
adolescents do not meet PA recommendations of at least 60 min of PA with moderate to
vigorous intensity over 5 d/w, which puts their current and future health at risk [26].

In addition to poor nutrition and low PA, results from different studies show that
most children and adolescents do not meet obesity-associated lifestyle guidelines, such as
recommendations for sleep and screen time [27,28]. According to the Centers for Disease
Control and Prevention (CDC), 60% to 70% of the American pediatric population does
not meet the American Academy of Pediatrics (AAP) sleep recommendations [1,27] of
10–13 h for 3- to 5-year-olds, 9–12 h for 6- to 12-year-olds, and 8–10 h for 13- to 18-year-
olds [29]. Short duration and late sleep timing can contribute to the onset and development
of childhood obesity [30], particularly by altering appetite-regulating hormones and con-
sequential eating disorders [31]. Parents can play an important role in fostering healthy
sleep patterns by arranging sleep time, providing a calm atmosphere, and keeping screens
away before bedtime [32]. Higher amounts of daily screen time contribute to obesity due
to their association with a reduced feeling of satiety, increased consumption of unhealthy
and energy-dense snacks [33], and poor sleep patterns [34]. The AAP recommends that
daily nonacademic screen time (TV, video games, and mobile phone) should not exceed
one hour for 2- to 5-year-olds, and two hours for ≥6-year-old children, and there should be
parental supervision of content watched [1]. Available data, however, indicates that the
majority of children has an extraordinarily high daily screen time [28,35], up to an average
of 6 h/day among 13- to 18-year-olds [36] and 7 h/day among 8- to 18-year-olds [37] when
TV, computer, mobile devices, and web-based sources are combined. Sedentary behaviors,
screen time, and sleep abnormalities can be even higher during annual vacation due to the
absence of a regular schedule [38].

3. Strategies for the Prevention and Treatment of Childhood Obesity

To date, the safety and efficacy of various approaches on the management of childhood
obesity have been reported by numerous experimental and cross-sectional studies as
well as reviews and meta-analyses [2,6,15,39,40]. Nevertheless, pediatric clinicians and
researchers are often encountering several challenges when applying preventative and
therapeutic programs and the characteristics of an optimal and comprehensive weight
management strategy remain controversial [1,41]. Evidence suggests that the management
of childhood obesity requires consideration of genetic, biological, behavioral, psychological,
interpersonal, and environmental factors to induce sustainable lifestyle changes along with
an in-depth understanding of these interactions to identify opportunities for intervention
strategies [39].

3.1. Intervention Components

The most common preventative and therapeutic interventions applied and suggested
by investigations are nutritional, PA, lifestyle, and educational methods. In adolescents
with a high degree of obesity or advanced metabolic disease, clinical treatments including
pharmacological and surgical strategies have also been suggested [20]. Due to the potential
side effects of medical interventions, a careful evaluation and comparison of risks and
benefits are necessary before implementing such interventions for pediatric patients with
obesity [42]. It has been emphasized that pharmacotherapy and bariatric surgery should
never be implemented in adolescents with obesity (and those with other vital untreated
disorders) who have not engaged in healthy dietary and PA practices [20].

3.1.1. Diet

It should be considered that nutritional approaches targeting childhood obesity are
not limited to restricted energy intake but rather, the most appropriate nutrition strat-
egy for long-term weight reduction and the promotion of metabolic and mental health is
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shifting to healthy food choices [43] that include predominantly whole food plant-based
sources [44,45]. This dietary pattern restricts added sugars, refined grains, sweetened bev-
erages, fast foods, calorie-dense snacks, and high-fat processed foods and includes fruits,
vegetables, nuts, and whole-grains along with well-structured meal frequencies [6,44,46].
The weight-related benefits rising from plant-based diets are attributable to a reduced
caloric intake and an increase in postprandial energy expenditure by a higher thermogenic
response [47,48]. Additionally, whole food plant-based diets lead to favorable changes
in cardio-metabolic and digestive health, which are both associated with further weight-
related advantages as well [49,50]. Increasing nutritional literacy of children and their
parents (regarding agriculture, food industries, food safety, cooking, and theoretical knowl-
edge of energy balance, nutrition, and diets) could further promote sustainable changes
that contribute to healthier dietary patterns [51]. While these are general principles and
recommendations, no single diet should be prescribed or recommended as the best for all
children with obesity [43]. Researchers believe that the optimal macronutrient composition
depends on factors such as appetite, thermogenesis, energy homeostasis, and gut micro-
biota [52]. Furthermore, the ideal diet for treating overweight and obesity should be safe,
efficacious, nutritionally adequate, culturally acceptable, and economically affordable [43].
To date, however, the majority of nutritional strategies targeting childhood obesity are still
based on a “one-size-fits-all” model, which does not take into account the inter-individual
variability [53], which often results in a reduced adherence rate to dietary changes [54].

3.1.2. Physical Activity

On the other side of the energy balance equation, PA has been emphasized as a critical
component for healthy body weight. Promoting PA is considered an effective intervention
strategy in pediatric weight management [55,56], which attributes to the concept of energy
flux [19]. Energy flux represents the rate of energy expenditure and energy intake [19,57],
and a higher energy flux (obtained by increased PA) results in better regulation of energy
balance during weight loss [57] and/or the prevention of weight gain [58]. PA could also
result in favorable improvements in mental and physiological health, and both are indirectly
associated with further weight-related advantages [59]. In children and adolescents with
obesity, the most common barriers to engage in regular PA programs are lack of self-
discipline, lack of someone to engage in PA with, self-consciousness about appearance [60],
and decreased level of motivation due to the limited motor abilities and/or being out of
shape [61]. Daily physical activities of children are not limited to regular physical education
classes or sport/exercise engagements. Active travel to school, unstructured active play
during school recess, and activities at home or playgrounds can be additional viable PA
sources [32]. Currently, however, due to the COVID-19 pandemic and social lockdowns,
the movement opportunities have been significantly diminished [62], and home exercises
have been highly recommended [63].

3.1.3. Lifestyle and Education

In addition to diet and PA, other lifestyle parameters (e.g., psychological behaviors,
modifying sleep patterns) are considered effective interventions in weight management
programs. Independently or along with educational interventions, additional lifestyle
behaviors could further increase the efficiency of PA and dietary interventions [1]. A con-
trolled experimental study showed that a two-year, multi-component obesity intervention
focusing on a lifestyle educational curriculum resulted in beneficial changes in Body Mass
Index (BMI) percentiles in the intervention groups [64]. There is also evidence suggesting
that mindfulness interventions [65,66] and forethoughtfulness (defined as being oriented
more towards the future than the present) [67] might be advantageous for improving
obesity-related eating and behavioral patterns. Mindfulness, defined as the awareness that
arises from purposefully paying attention in the present moment with non-judgment [68],
is suggested as an effective intervention strategy targeting childhood obesity [69]. Evidence
also indicates that sleep is an important modifiable risk factor for managing childhood
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obesity, as eating and PA behaviors can be affected by the quality and duration of sleep [70].
Modifying sleep patterns in school-age children resulted in healthy dietary patterns via
decreased food consumption, in particular, thus promoting favorable weight outcomes [71].

In general, it has been well-established that multi-component interventions includ-
ing PA, nutritional, lifestyle, and educational strategies have been shown to yield better
outcomes than single-component strategies [1,41,72]. In a systematic review of the effec-
tiveness of lifestyle interventions targeting children’s weight and cardio-metabolic health,
beneficial outcomes were observed only following the multi-component interventions [73].
However, due to the complex interaction in these approaches, identifying the degree of
effectiveness for each component remains controversial.

3.2. Intervention Settings

Almost all studies in the childhood obesity sector have critically investigated or dis-
cussed the environment where interventions are applied and the people who support
and/or supervise weight management programs. It has been well-established that home,
school, and community can all play important roles independently in shaping and stabiliz-
ing children’s lifelong health- and weight-related behaviors [74,75].

3.2.1. Home

Parental beliefs, attitudes, behaviors, and social support are vital for a child’s health
and body composition [76]. Available evidence indicates that parents are involved in
about half of the interventions targeting childhood obesity, and successful improvements
on children’s BMI are in 75% of studies with parental involvement [74]. Results show,
from a meta-analysis of 22 randomized control trials examining home-based interventions
to control childhood obesity, that parents can play a crucial role in managing children’s
weight by facilitating, motivating, and coaching the healthy behaviors of their children [77].
Due to the close familiarity of parents and their child, parents may better understand
and consider the lifestyle parameters contributing to the development of obesity in their
child [78]. Although parent-only interventions may be more cost-effective compared to
school- and community-based programs [79], evidence suggests to combine home-based
programs with other settings to deliver more favorable effects on anthropometry and BMI
in children [80]. The effectiveness of grandparental supervision, on the other hand, has
been reported to be close to zero with no association between children’s BMI z-scores and
grandparental child care (whether as the primary caregiver or co-residence) [81].

3.2.2. School

School is an important setting for improving child health behaviors, as children spend
a significant part of their daily life in schools [82,83]. Moreover, the following conditions
of the school environment also benefit the setting for implementing overweight/obesity-
related interventions: schools offer a structured environment for applying interventions
with ease; schools may provide one or two meals per day and, therefore, potentially dictate
healthy food choices in their cafeteria; schools usually provide opportunities for PA and
active games during recess and daytime; schools produce and expand extracurricular edu-
cational resources and wellness policies for both children and parents; schools could run
an indirect competitive and encouraging atmosphere to promote children’s motivation and
adherence towards interventions; schools could introduce their physical education instruc-
tors and/or athletic trainers as role-models; schools benefit from the contribution of staff
and teachers to facilitate, deliver, and supervise the interventions [74,84,85]. Interestingly,
successful school-based interventions are also highly effective in improving children’s
anti-obesogenic behaviors at home [83]. However, because of time and budget constraints,
many schools are not able to implement health and weight management programs [72].
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3.2.3. Community and Clinics

In addition to home- and school-based strategies, the community environment and
clinical settings are also common areas for managing childhood obesity and preven-
tion [20,75]. Community interventions targeting obesity incorporate policies and strategies
and aim to reduce the population risk of obesity [75]. These interventions involve but
are not limited to the availability and use of health and fitness facilities, media-based
activities, and health-oriented businesses by local and central administrations [1,86]. The
EPODE program (Ensemble Prévenons l’Obésité Des Enfants: together, let us prevent
childhood obesity) could be considered a successful example of a community-based in-
tervention, which emphasizes a multifactorial approach targeting childhood obesity at
different community levels [87]. Interventions using a community-based approach could
achieve the long-term goals of reducing the prevalence of childhood obesity [88], especially
for children who live in low-income societies [75]. Clinical or primary-care interven-
tions, on the other hand, include any medical or non-medical strategies implemented
by healthcare and pediatric specialists [89]. Clinical and community-level interventions
can significantly improve lifestyle patterns when applied simultaneously [90]. Significant
improvements in body weight have been achieved in pre-school children aged 2–5 years fol-
lowing multi-component clinical interventions (e.g., PA, nutrition, education) with parental
involvement [91]. However, reports from different meta-analytic studies indicate poor
effectiveness of primary-care programs on childhood obesity [89,92,93], which might be
attributed to a dose-response relationship, where the frequency and duration of treatment
contact highly affect the outcomes [1]. Additionally, the “sustainability” of intervention
effects could be another limitation in clinical approaches, as the time of engagement is
limited compared to other settings [94,95].

In general, it seems that due to the multi-factorial nature of childhood obesity, a
maximally efficient strategy to manage childhood obesity requires integrating multiple
settings for delivering multi-component interventions. Evidence shows that school-based
interventions with family inclusion have the largest effect on weight outcomes when multi-
component programs are implemented, including PA and diet [84,96]. Results from a
study comparing the effectiveness of home versus school settings on nutritional habits, PA
behaviors, and BMI changes showed that the home environment had a stronger association
with health in general compared to the school setting [97]. It should be mentioned, however,
that parental involvement in many preventive studies can be more effective in pre-school
and early-school children, whereas school- and community-based intervention strategies
lead to more favorable outcomes in older children and adolescents [1], particularly for
those who are above twelve [98]. Nevertheless, to enhance the effectiveness of strategies, it
appears important that parents permanently engage in supporting and reinforcing their
children’s health behaviors [99].

Some limitations can affect the progress of weight management programs, similar to
any preventative and therapeutic strategy. Time and financial resources are major limita-
tions for the implementation of multi-component weight management strategies [100]. In
addition, poor awareness and lack of self-discipline have been reported as personal barri-
ers when adhering to a healthy lifestyle [60]. Furthermore, difficult-to-reach goals set by
parents and clinicians are considered a vital but hidden limitation, as it is well-established
that strict targets may often lead to failure in weight control programs in children [101].
Age also appears to be an important moderator for weight control outcomes as older
children displayed larger and more beneficial effects than younger children following
weight-management interventions [92,93]. Beyond these limitations, the obesity preven-
tion strategies seem to follow a dose-effective manner, as more intensive and longer-lasting
interventions are associated with better outcomes in children [93]. Further, it appears
that purposeless and/or unsupervised strategies not based on the individual needs and
personal characteristics of the targeted child could minimize intervention effects [54].
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4. Personalized Strategies

Despite a wealth of scientific information on a wide range of interventions and strate-
gies targeting childhood obesity, the translation and transfer of this knowledge into a
practical approach seem highly challenging. According to a comprehensive study by
the Institute of Medicine (IOM), which analyzed more than 800 scientific reports, the
progress of obesity prevention was not favorable in the national trend data, and data was
not translatable into clearly scalable strategies [102,103]. It has been reported that meta-
analytic approaches for identifying solutions to obesity, which is a complex health problem,
could not deliver favorable practical information [102]. As a result of obesity’s complexity,
the condition seems not only limited to its etiology, but also to intervention strategies
targeting childhood obesity. Given the interaction between various components of pre-
ventative/treatment approaches, the management of childhood obesity remains highly
complex. Figure 1 shows a conceptual model that describes the complexity of interactions
between key aspects of four research-derived categories (“What”, “When”, “Who”, and
“Where”), which are critical in the management of childhood obesity. “What” refers to the
components including diet, PA, other lifestyle interventions, education, medication, and
surgery. “When” stands for different age groups that are targeted (including pre-school,
school-age, and puberty). “Who” represents the involved population such as the child,
parents, teachers, and specialists. Finally, “Where” appoints different settings including
home, school, community, and clinic (Figure 1).

Figure 1. Conceptual 4W model describing the complexity of interactions between research-based
modules contributing to the management of childhood obesity.

Recently, the implementation of personalized dietary approaches to managing com-
plicated health problems (e.g., cardiovascular and metabolic disorders) has been increas-
ing [104,105]. Personalized interventions could be defined as advanced and detailed
models of clinical/primary care interventions. Given the available data, current clinical in-
terventions seem to have some limitations. Clinical strategies focus primarily on treatment
rather than prevention and thus are often conducted in close coordination with the primary
healthcare system with high accessibility and frequency of visits mostly in the clinical
setting [106]. Clinical approaches mainly focus on nutritional and medical interventions
with lower attention on lifestyle, educational, and movement strategies [20]. Lifestyle
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counseling, including suggestions for PA by health specialists, remains below an acceptable
level [107–109] even though the importance of lifestyle interventions by physicians and/or
health care providers has been well-documented in patients’ health- and weight-related
behaviors [107,108]. This may be attributed to inadequate knowledge and training, office
time constraints, and poor personal habits of specialists/physicians [107,109]. Rather than
providing general information, a personalized strategy uses a broad range of info on indi-
vidual characteristics to develop targeted nutritional and non-nutritional advice, products,
or services assisting people to reach their goals via a purposeful approach based on their
current behaviors, preferences, barriers, and objectives.

Personalized dietary approaches have been reported previously as a promising topic
of research in the treatment of obesity [110]. To date, evidence supporting personalized
strategies to manage obesity has come from clinical and observational studies mostly in
the area of nutrition. The Academy of Nutrition and Dietetics developed the personal-
ized nutritional approach NCP (Nutrition Care Process) based on nutritional assessment,
diagnosis, planning, and monitoring. This multi-step model was designed to structure
individualized nutritional care targeting childhood obesity and was effective in different in-
vestigations [22,111,112]. In a review study assessing the effects of NCP-based educational
programs (including education on meal planning, portion control, healthy snack selec-
tion, and cooking with plant-based sources), favorable outcomes were reported regarding
childhood obesity [113].

In addition to nutritional interventions, the limited available data supports the effec-
tiveness of other personalized interventions on weight and/or health outcomes in children
and adolescents. A 3-month personalized PA intervention using an internet-based program
showed significant effects on psychosocial health and PA level in adolescents [114]. Evi-
dence consistently indicates that when compared to generalized programs, personalized
technology-based PA interventions are more effective at modifying health behaviors [115].
Results from a study on adolescents with obesity or diabetes show that 16 weeks of personal-
ized exercise (based upon baseline fitness level of participants)—with parental support and
ongoing motivation—can improve PA level and result in a sense of personal health [116].
Additionally, a controlled experimental study showed beneficial effects of personalized
lifestyle coaching on childhood obesity [117], in which a health coach called child-parent
pairs separately by telephone for a total of 21 sessions. There is also evidence indicat-
ing children’s health behaviors, particularly sleep patterns, could be improved following
personalized educational interventions for mothers with 3- to 5-year-old children [118].

In general, personalized recommendations on the personal needs of a child and
his/her family could be a promising approach for the prevention and treatment of obesity.
A comprehensive personalized approach targeting childhood obesity may include, among
others, nutritional, educational, and PA-based intervention strategies at various settings
to alter lifestyle patterns and attitudes. The overall consensus is that implementing a
well-proposed personalized program not only maximizes desirable outcomes but also
contributes to the sustainable adherence of a healthy lifestyle pattern [54]. In addition, due
to the purposeful nature of personalized interventions, time and budget could be partially
saved following this approach. Similar to other successful programs, a personalized
program should further combine education and motivation to obtain slow but sustainable
weight and health benefits [43].

5. EPISTCO Model

Considering the complicated facts in the etiology and management of childhood obe-
sity and in order to establish a novel translational link between the literature and practice,
this narrative review presents a basis for an Etiology-Based Personalized Intervention
Strategy Targeting Childhood Obesity (EPISTCO) (Figure 2), to provide a framework for
the purposeful prevention and treatment of childhood obesity.
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Figure 2. Schematic design of EPISTCO (Etiology-Based Personalized Intervention Strategy Targeting
Childhood Obesity) model, which is based on four multi-stage steps.

The EPISTCO model highlights that the design of a personalized program targeting
childhood obesity requires an understanding of the complex etiology of excess weight
gain by assessing a series of biological, nutritional, behavioral, and environmental factors.
Unlike previously described models, the EPISTCO model implements a multi-component
intervention program within multiple settings and considers personalized priorities for
the components and settings. In this structured multi-disciplinary and etiology-based
approach, the programs are highly adaptable based on individual and environmental
barriers and potentials.

The EPISTCO model includes four multi-stage steps (Figure 2). The first and probably
the most important step is “discovering the etiology of obesity”, which most likely requires
a clinical setting. This step consists of four stages including (a) assessments, (b) inter-
pretation of data, (c) diagnosis of the relevant causes, and (d) classification of the causes.
Assessments (e.g., physical characteristics, eating habits and disorders, sleep patterns,
etc.) can be made via questionnaires, field tests, and laboratory measurements and are
depending on the availability of time, equipment, and specialists. Table 1 represents the
most important assessment items summarized in nine general categories that provide
viable information to design an EPISTCO.

Table 1. Essential prerequisite information to design and conduct an etiology-based personalized intervention strategy
targeting childhood obesity.

Questionnaire Laboratory Tests Field Tests

1. Individual and parental information *
2. Self-reported targets *
3. Facilities/limitations in personal environment *
4. Energy balance status with a short history * *
5. Lifestyle behaviors with a short history *
6. Body composition status with a short history * *
7. Clinical status with a short history * *
8. Biochemistry status with a short history *
9. Physical fitness status with a short history * *

Step 2 is “setting the target”, in which a multi-phase goal is defined according to the
information obtained from Step 1. The emphasis is to set a realistic target, as difficult-to-
reach targets often lead to failure. Step 3, “designing the strategy”, consists of the following
stages: (a) selecting the most appropriate interventions, (b) prioritizing interventions
according to stage “d” from Step 1, (c) designing program schedules along with extra
general recommendations, and (d) educating both the child and parents about the next step
in conjugation with motivational incentives. At the end of Step 3, the next visit(s) must be
set according to a time-based, target-based, or problem-based style. Accordingly, this step
will also determine the role of different settings including home, schools and communities.
Finally, Step 4, “supervising and supporting”, consists of three stages: (a) individualized
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direct or indirect coaching and psychological supporting, (b) monitoring, (c) reassessment,
analysis of the progress as well as evaluating problems, and (d) revising and updating
the program. This step returns most likely to the clinical setting to connect Step 4 and
Step 1. Rather than circling back, the intention is to continue the procedure to stabilize
health behaviors.

To further enhance the understanding of the characteristics of this personalized ap-
proach, the following examples can be considered. For a child with obesity who has a
proper quantity and quality of nutrition, interventions should prioritize PA and other
lifestyle patterns. A more active child with excess body weight, on the other hand, with
other causes (e.g., unhealthy food choices, sleep patterns, lifestyle, biochemistry) may
require a different approach that should be scrutinized during initial assessments in order
to design and suggest a purposeful etiology-based program. To reach favorable results,
it is, nevertheless, highly recommended that all steps and stages of the EPISTCO ap-
proach are conducted and supervised by well-experienced pediatric specialists in different
sub-disciplines of health. Moreover, every stage throughout the process should be well
documented. The gathered data will also provide viable information that enhances the
understanding of the etiology of obesity, which is critical for the improvement of the
effectiveness of such personalized approaches.

6. Conclusions

The high prevalence of childhood obesity is a major threat to future public health and
available literature indicates that weight-related nutritional, PA, and lifestyle recommenda-
tions are not met by the majority of children. Given the complex and multi-factorial nature
of obesity in both etiology and management, it appears that there is a fundamental need to
develop and apply personalized approaches to prevent and treat childhood obesity. As a
practical, purposeful, and promising suggestion, the EPISTCO model emphasizes incor-
porating various approaches, including nutritional, lifestyle, and PA, that are prioritized,
prescribed, and supervised based on the individual needs and personal characteristics
within multiple settings.

In general, the EPISTCO model offers a purposeful framework for pediatric researchers
and specialists that contributes to a better understanding of the interplay between various
factors associated with childhood obesity, which can increase the efficacy of interventions.
While it includes a comprehensive approach towards minimizing childhood obesity, not all
aspects need to be implemented in every situation.
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Abstract: In children and adolescents, obesity does not seem to depend on a reduction of resting
energy expenditure (REE). Moreover, in this young population, the interactions between either age
and obesity or between age and gender, or the role of leptin on REE are not clearly understood. To
compare the levels of REE in children and adolescents we studied 181 Caucasian individuals (62%
girls) classified on the basis of age- and sex-specific body mass index (BMI) percentile as healthy
weight (n = 50), with overweight (n = 34), or with obesity (n = 97) and in different age groups: 8–10
(n = 38), 11–13 (n = 50), and 14–17 years (n = 93). REE was measured by indirect calorimetry and body
composition by air displacement plethysmography. Statistically significant differences in REE/fat-
free mass (FFM) regarding obesity or gender were not observed. Absolute REE increases with age
(p < 0.001), but REE/FFM decreases (p < 0.001) and there is an interaction between gender and age
(p < 0.001) on absolute REE showing that the age-related increase is more marked in boys than in
girls, in line with a higher FFM. Interestingly, the effect of obesity on absolute REE is not observed in
the 8–10 year-old group, in which serum leptin concentrations correlate with the REE/FFM (r = 0.48;
p = 0.011). In conclusion, REE/FFM is not affected by obesity or gender, while the effect of age on
absolute REE is gender-dependent and leptin may influence the REE/FFM in 8–10 year-olds.

Keywords: children; adolescents; resting energy expenditure; obesity; age; leptin

1. Introduction

The prevalence of obesity among children and adolescents has increased dramati-
cally in the last decades [1–4]. Overweight and obesity in children and adolescents are
independent risk factors for cardiovascular diseases (CVD), type 2 diabetes, hypertension,
dyslipidemia, certain types of cancer, and sleep-disorders [5–8]. Moreover, the presence of
overweight and obesity during childhood and adolescence is associated with increased
risk of adult comorbidities [9,10].

Obesity has a multifactorial nature resulting from an imbalance between energy intake
and expenditure during an extended time period [11]. Daily total energy expenditure (TEE)
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is composed of resting energy expenditure (REE), which represents 55–75% of TEE, thermic
effect of food (TEF), which accounts for 7–15% of TEE, and the energy expended during
physical activities, representing between 15–30% of TEE [12–14]. TEE is difficult to measure
and can be assessed by direct calorimetry [15] or by doubly labelled water [16], complex
techniques that are usually performed for research only. Indirect calorimetry measures the
oxygen consumed and carbon dioxide produced as an estimator of energy expended and
has been recognized as the gold standard for assessing REE in clinical practice [17].

Overweight and obesity are consequences of excess of calories intake and/or low levels
of energy expenditure [18]. However, whether energy expenditure is actually different in
patients with obesity is controversial being dependent on how it is expressed. Most studies
have found that REE, the main component of TEE, is higher in individuals with obesity
as compared with normal weight subjects. However, when body size and composition
are taken into account the effect of obesity is unclear or disappears [19]. The fat-free mass
(FFM) compartment, including skeletal muscle, bone and other highly active metabolic
organs, is the major determinant of REE. About 80% of the interindividual variability in
REE can be accounted for by FFM, fat mass, age, and gender [20,21]. In addition, other
factors such as the levels of catecholamines or the concentrations of thyroid hormones
or leptin may contribute to the variability in REE [22,23]. A portion of the remaining
variability can be ascribed to still unidentified genetic factors. When REE is related to FFM,
the increased REE observed in subjects with obesity disappears in most studies [20,24–27].
However, some studies still find increased REE in individuals with obesity when REE is
expressed as REE/FFM [20,28].

Leptin is an adipokine mainly produced by adipose tissue in proportion to the amount
of fat mass, being involved in the regulation of food intake, glucose and lipid homeostasis,
reproduction, angiogenesis, and blood pressure, among others [29,30]. Circulating leptin
concentrations are closely correlated with the total amount of fat mass being, therefore,
elevated in individuals with obesity [31]. However, individuals with obesity exhibit an
impaired response to leptin despite their hyperleptinemia, suggesting a state of leptin resis-
tance [32]. Some studies have shown a positive association of serum leptin concentrations
and energy expenditure in adults [33,34], while others did not find such a relation [35,36].
Studies in mice have suggested that leptin has direct thermogenic effects on skeletal
muscle [37] and that it increases energy expenditure through actions on the sympathetic
nervous system modulating the activity of brown, white, and beige adipose tissues via
the hypothalamus [38,39]. However, this thermogenic effect has been recently questioned
stating that leptin is not a thermogenic hormone, but has effects on body temperature
regulation, by opposing torpor bouts and by shifting thermoregulatory thresholds [40].

Previous studies have shown that, similar to what happens in adults, REE expressed
in absolute terms is increased in children and adolescents with obesity, but in most of them
there are no statistically significant differences when REE is adjusted by FFM [41–44]. REE
in children and adolescents is also determined by age and gender, being increased with
age and reduced in females when it is expressed in absolute values, but when expressed
adjusted by FFM the differences are not so clear [45]. Moreover, the interactions between
age and obesity or between age and gender and the potential influence of leptin on REE are
not completely understood. Therefore, we hypothesized that in children and adolescents
age and gender may interact with the degree of obesity in the regulation of REE and that
REE may be influenced by leptin. The aim of the present study was to establish whether
obesity in children and adolescents is associated or not with reduced REE and whether
there are interactions regarding gender and age. In addition, we also analyzed the potential
association of serum leptin concentrations and other cardiometabolic factors with REE.

2. Materials and Methods

2.1. Patient Selection and Study Design

To compare the levels of REE in children and adolescents with overweight and obesity
we studied 181 Caucasian individuals (62% girls) from an age range of 8–17 years (mean ±

134



Nutrients 2021, 13, 1216

SEM, 13.3 ± 0.2). Volunteers were recruited from children and adolescents attending the
Department of Paediatrics at the Clínica Universidad de Navarra, Spain for conventional
check-up. Each child and adolescent was classified on the basis of age- and sex-specific
body mass index (BMI) percentile as with normal weight (BMI < 85th percentile), with
overweight (BMI ≥ 85th and < 95th percentile), or with obesity (BMI ≥ 95th percentile) [46]
based on the Centers for Disease Control (CDC) 2000 growth charts. With these criteria,
the study included 50 subjects with healthy weight, 34 with overweight, and 97 with
obesity. The children and adolescents were also classified in different age groups: 8–10
(n = 38), 11–13 (n = 50), and 14–17 years (n = 93). The experimental design was approved
by the Hospital’s Ethical Committee responsible for research (protocol 2020.236). Informed
consent was obtained from all parents or guardians and from all participants over 12 years
old. Children under 12 years willingly agreed to participate in the study.

2.2. Anthropometric Measurements and Resting Energy Expenditure

Body weight was measured with a digital scale to the nearest 0.1 kg, and height was
measured to the nearest 0.1 cm with a Harpenden stadiometer (Holtain Ltd., Crymych,
UK). BMI was calculated as weight in kg divided by the square of height in meters. Waist
circumference was measured with a non-elastic tape at the midpoint between the iliac crest
and the rib cage. Body fat and FFM were estimated by air displacement plethysmography
(Bod-Pod®, Life Measurements, Concord, CA, USA) and converted to a body composition
estimate using the Lohman equation. Data for estimation of body fat by this plethysmo-
graphic method has been reported to agree closely with the traditional gold standard
hydrodensitometry (underwater weighing) [47]. Blood pressure was measured after a
5-min rest in the semi-sitting position with a sphygmomanometer. Blood pressure was
determined at least 3 times at the right upper arm and the mean was used in the analyses.
REE was measured after a period of 12-h fasting. Following a 30-min rest and after achiev-
ing steady state, REE was measured through indirect calorimetry (Vmax29, SensorMedics
Corporation, Yorba Linda, CA, USA) in a thermostable (21–23 ◦C) environment [48].

2.3. Blood Analyses

Blood samples were collected after an overnight fast in the morning in order to
avoid potential confounding influences due to hormonal rhythmicity. Plasma glucose
was analyzed by an automated analyzer (Roche/Hitachi Modular P800) as previously
described [49], with quantification being based on enzymatic colorimetric reactions. Insulin
was measured by means of an enzyme-amplified chemiluminescence assay (Immulite®, Di-
agnostic Products Corp., Los Angeles, CA, USA). An indirect measure of insulin resistance
was calculated using the homeostatic model assessment (HOMA). Total cholesterol and
triglyceride concentrations were determined by enzymatic spectrophotometric methods
(Roche, Basel, Switzerland). High-density lipoprotein (HDL-cholesterol) was quantified by
a colorimetric method in a Beckman Synchron® CX analyzer (Beckman Instruments, Ltd.,
Bucks, UK). Low-density lipoprotein (LDL-cholesterol) was calculated by the Friedewald
formula. High-sensitivity C-reactive protein (CRP) was measured using the Tina-quant®

CRP (Latex) ultrasensitive assay (Roche, Basel, Switzerland). Thyroid-stimulating hor-
mone (TSH) concentrations were measured by an electro-chemiluminescence immunoassay
(ECLIA) using Roche Elecsys® E170 immunoassay analyzer (Roche). Leptin was quantified
in a subsample of 113 children and adolescents by a double-antibody radioimmunoassay
method (Linco Research, Inc., St. Charles, MO, USA); intra-and inter-assay coefficients of
variation were 5.0% and 4.5%, respectively.

2.4. Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Differences between
groups were analyzed by ANOVA followed by Fisher’s LSD (Least Significant Difference).
Two-way ANOVA was used in order to analyze the interaction between age and gender
or age and the degree of obesity. CRP concentrations did not fulfill the normality criteria
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and were therefore logarithmically transformed. We used crude Pearson’s correlation
coefficients to test the statistical relation between REE and REE/FFM with any other
variable. The calculations were performed using SPSS 23 (SPSS, Chicago, IL, USA) and
GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA). A p value lower than 0.05
was considered statistically significant.

3. Results

3.1. Clinical Characteristics of the Cohort

Clinical characteristics of the children and adolescents enrolled in the study are
summarized in Table 1. There were statistically significant differences regarding age, with
the overweight and obese groups being slightly younger than the healthy weight group.
As expected, body fat percentage was significantly elevated in the subjects with overweight
and still further increased in the individuals with obesity (p < 0.001). Waist circumference
was significantly higher in the subjects with either overweight or obesity (p < 0.001). Blood
pressure was within the normal range in all groups, exhibiting a small though significant
increase in the overweight group, being further increased in the obese group compared
to the healthy weight group (p < 0.001). Children and adolescents with obesity exhibited
normoglycemia, but showed insulin resistance as evidenced by the increased insulin
concentrations (p = 0.006) and HOMA values (p = 0.004). Circulating concentrations of
triglycerides were increased (p < 0.001), while HDL-cholesterol was decreased (p = 0.019) in
the group with obesity. Patients with obesity exhibited increased circulating concentrations
of CRP as compared to both groups with either normal weight or overweight (p < 0.001).
Leptin levels were increased in the overweight and obese groups (p < 0.001).

Table 1. Demographic, biochemical and metabolic characteristics of the children and adolescents
classified according to ponderal status.

Healthy Weight Overweight Obesity p

n 50 34 97
Sex, M/F 15/35 8/26 46/51 0.018

Age, years 14.5 ± 0.3 13.2 ± 0.5 * 13.3 ± 0.3 * 0.002
Height, cm 161 ± 2 156 ± 2 156 ± 2 0.120
Weight, kg 53.5 ± 1.5 60.1 ± 2.5 75.2 ± 2.4 *,† <0.001

BMI, kg/m2 20.5 ± 0.3 24.2 ± 0.4 * 29.9 ± 0.5 *,† <0.001
Body fat, % 24.0 ± 1.3 33.3 ± 1.3 * 40.4 ± 0.7 *,† <0.001

FFM, kg 40.4 ± 1.2 40.1 ± 2.1 44.2 ± 1.3 0.083
Waist circumference, cm 74 ± 1 80 ± 1 * 92 ± 1 *,† <0.001

SBP, mm Hg 99 ± 2 105 ± 2 * 110 ± 1 *,† <0.001
DBP, mm Hg 60 ± 1 62 ± 1 67 ± 1 *,† <0.001
REE, kcal/d 1439 ± 24 1523 ± 39 1756 ± 35 *,† <0.001

REE/FFM, kcal/d/kg 36.6 ± 0.8 39.6 ± 1.1 * 41.2 ± 0.6 * <0.001
Glucose, mg/dL 86 ± 1 87 ± 1 89 ± 1 0.104
Insulin, μU/mL 11.7 ± 2.1 10.2 ± 1.1 19.8 ± 1.9 *,† 0.006

HOMA 2.6 ± 0.5 2.2 ± 0.3 4.4 ± 0.4 *,† 0.004
Triglycerides, mg/dL 65 ± 3 75 ± 6 89 ± 4 * <0.001

Total cholesterol, mg/dL 159 ± 4 160 ± 5 165 ± 3 0.502
LDL-cholesterol, mg/dL 89 ± 4 91 ± 4 96 ± 3 0.347
HDL-cholesterol, mg/dL 57 ± 2 54 ± 2 51 ± 1 * 0.019

CRP, mg/L 0.8 ± 0.2 1.3 ± 0.3 3.9 ± 1.1 *,† <0.001
TSH, μU/mL 2.16 ± 0.20 2.55 ± 0.31 2.62 ± 0.15 0.273

Leptin, ng/mL 10.0 ± 1.2 26.0 ± 2.9 * 35.2 ± 2.8 * <0.001
Data presented as mean ± SEM. BMI, body mass index; FFM, fat-free mass; SBP, systolic blood pressure; DBP,
diastolic blood pressure; REE, resting energy expenditure; HOMA, homeostatic model of assessment; CRP,
C-reactive protein; TSH, thyroid-stimulating hormone. Differences between groups were analyzed by ANOVA
followed by LSD tests. * p < 0.05 vs normal BMI. † p < 0.05 vs. Overweight. Differences in gender distribution
were analyzed by χ2 analysis. CRP concentrations were logarithmically transformed for statistical analysis.
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3.2. Obesity Is Associated with Increased REE, but Not REE/FFM

Total REE was significantly increased (p < 0.001) in children and adolescents with
obesity as compared to the overweight and healthy weight groups (Figure 1A). When REE
is normalized by FFM, the primary determinant of REE variation [50–53] (Supplementary
Figure S1A), we found that REE/FFM was significantly increased in overweight (p < 0.05)
and obese (p < 0.001) children and adolescents as compared to the healthy weight group
(Figure 1B). Given their lower mass, REE was significantly (p < 0.001) decreased in females
as compared to males (Figure 2A), however after normalization by FFM, no differences
were observed (Figure 2B). Total REE were significantly increased with age in children and
adolescents (Figure 2C). Interestingly, REE/FFM was markedly decreased in the 11–13 years
(p < 0.001) and 14–17 years (p < 0.001) children and adolescents as compared to the 8–10
years group (Figure 2D). We observed a moderate positive correlation of age with REE
(r = 0.46; p < 0.001) and a strong negative correlation with REE/FFM (r = −0.74; p < 0.001)
in the global cohort (Table 2 and Supplementary Figure S1B). In this sense, after adjusting
for age by ANCOVA the differences in REE between the healthy weight, overweight and
obese groups were maintained (p < 0.001), but the differences in REE/FFM were lost
(p = 0.070). Similarly, we reanalyzed the data matching by age (n = 153: 36 healthy weight,
34 overweight, 83 obese) finding statistically significant differences in REE (p < 0.001)
(Supplementary Figure S2A) but not in REE/FFM (p = 0.111) (Supplementary Figure S2B).
REE was significantly correlated with height (r = 0.67; p < 0.001), weight (r = 0.88; p < 0.001),
BMI (r = 0.73; p < 0.001), fat mass (r = 0.33; p < 0.001), FFM (r = 0.83; p < 0.001), waist
circumference (r = 0.78; p < 0.001), HOMA (r = 0.37; p < 0.001) and HDL-cholesterol
(r = −0.31; p < 0.001), among others. REE/FFM was significantly correlated with height
(r = −0.76; p < 0.001), weight (r = −0.44; p < 0.001), and fat mass (r = 0.38; p < 0.001), among
others (Table 2).

Figure 1. Comparison of absolute REE (A) and normalized by FFM (B) in children and adolescents
with healthy weight, overweight or obesity. Values are means ± SEM. Statistical differences between
groups were analyzed by ANOVA followed by LSD tests. * p < 0.05 and *** p < 0.001 between groups.
REE, resting energy expenditure; FFM, fat-free mass.
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Table 2. Simple correlation analysis between REE and REE/FFM with other variables.

All (n = 181) 8–10 y (n = 38) 11–13 y (n = 50) 14–17 y (n = 93)

REE REE/FFM REE REE/FFM REE REE/FFM REE REE/FFM

Age 0.46 −0.74 0.33 −0.44 0.19 −0.45 0.11 −0.07
<0.001 <0.001 0.042 0.005 0.194 <0.001 0.285 0.507

Height 0.67 −0.76 0.70 −0.57 0.67 −0.50 0.56 −0.36
<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Weight 0.88 −0.44 0.86 −0.37 0.82 −0.26 0.88 0.15
<0.001 <0.001 <0.001 <0.001 <0.001 0.064 <0.001 0.145

BMI 0.73 −0.10 0.63 −0.08 0.64 −0.06 0.74 0.31
<0.001 0.187 <0.001 0.652 <0.001 0.676 <0.001 0.002

Body fat% 0.33 0.38 0.29 0.40 0.37 0.34 0.42 0.60
<0.001 <0.001 0.075 0.014 0.009 0.015 <0.001 <0.001

FFM 0.83 −0.72 0.82 −0.73 0.83 −0.60 0.80 −0.34
<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001

WC 0.78 −0.18 0.62 −0.41 0.69 0.01 0.77 0.28
<0.001 0.017 <0.001 0.010 <0.001 0.942 <0.001 0.007

SBP 0.49 0.05 0.32 −0.13 0.45 0.03 0.58 0.26
<0.001 0.515 0.059 0.462 0.001 0.859 <0.001 0.015

DBP 0.50 0.01 0.11 0.05 0.44 0.14 0.54 0.27
<0.001 0.944 0.542 0.771 0.002 0.350 <0.001 0.011

Glucose 0.22 0.06 0.23 0.15 0.11 −0.08 0.30 0.20
0.007 0.470 0.221 0.426 0.467 0.584 0.008 0.085

Insulin 0.36 −0.20 0.53 −0.01 0.49 −0.16 0.21 −0.04
<0.001 0.019 0.003 0.972 <0.001 0.282 0.102 0.742

HOMA 0.37 −0.20 0.54 0.01 0.49 −0.17 0.23 −0.04
<0.001 0.019 0.002 0.986 <0.001 0.277 0.079 0.759

Triglycerides 0.25 0.07 0.19 −0.30 0.23 0.17 0.37 0.18
0.002 0.396 0.312 0.103 0.135 0.291 <0.001 0.125

T. cholest. −0.04 0.17 0.15 −0.18 −0.26 0.36 0.08 0.13
0.613 0.037 0.436 0.330 0.093 0.018 0.485 0.249

LDL-cholest. 0.01 0.18 0.13 −0.11 −0.23 0.34 0.17 0.13
0.882 0.028 0.481 0.552 0.144 0.027 0.153 0.277

HDL-cholest. −0.31 0.02 0.01 −0.03 −0.34 0.12 −0.39 −0.08
<0.001 0.859 0.972 0.895 0.027 0.441 <0.001 0.502

CRP 0.27 0.35 0.29 0.18 0.29 0.43 0.64 0.49
0.038 0.006 0.266 0.485 0.145 0.027 0.005 0.046

TSH 0.04 0.10 0.32 −0.27 0.17 0.03 0.03 0.15
0.628 0.265 0.124 0.197 0.316 0.855 0.792 0.210

Leptin 0.28 −0.06 0.02 0.48 0.29 −0.01 0.20 0.15
0.003 0.559 0.923 0.011 0.063 0.972 0.193 0.321

Values are Pearson’s correlation coefficients and associated p values. CRP concentrations were logarithmically transformed for statistical
analysis. BMI, body mass index; FFM, fat-free mass; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure;
HOMA, homeostatic model assessment; LDL, low-density lipoproteins; HDL, high-density lipoproteins; CRP, C-reactive protein; TSH,
thyroid-stimulating hormone. Bold denotes statistically significant correlation.
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Figure 2. Comparison of absolute REE (A,C) and normalized by FFM (B,D) between male and female
children and adolescents (A,B) or between different age groups (8–10, 11–13 and 14–17 years) (C,D).
Values are means ± SEM. Statistical differences between groups were analyzed by ANOVA followed
by LSD tests. ** p < 0.01 and *** p < 0.001 between groups. REE, resting energy expenditure; FFM,
fat-free mass.

3.3. Age, but Not Gender, Influences REE/FFM in Children and Adolescents

When the global sample of children and adolescents was segregated by gender, the
age-induced increase in total REE was more evident in males than in females (p < 0.001,
for interaction between age and gender) as can be observed in Figure 3A, in line with the
amount of FFM (Supplementary Figure S3A). However, the progressive decrease with age
in REE adjusted by FFM was similar in males and females (Figure 3B). When the data were
segregated by age and obesity degree, we found an effect on total REE of age (p < 0.001)
and obesity (p < 0.001), with the latter being absent in the 8–10 years group (Figure 4A),
again in line with the amount of FFM (Supplementary Figure S3B). On the contrary, we
found a decrease due to age in REE/FFM but not due to obesity consistent across the three
age groups (Figure 4B).
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Figure 3. Comparison of absolute REE (A) and normalized by FFM (B) in the whole sample of children
and adolescents (n = 181) segregated by gender and age groups (8–10, 11–13 and 14–17 years). Values
are means ± SEM. Differences between groups were analyzed by two-way ANOVA (age x gender).
Differences between age groups within each gender were analyzed by ANOVA followed by LSD tests.
** p < 0.01 and *** p < 0.001 between groups. REE, resting energy expenditure; FFM, fat-free mass.
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Figure 4. Comparison of absolute REE (A) and normalized by FFM (B) in the whole sample of
children and adolescents (n = 181) segregated by age and weight groups (healthy weight, overweight
and obesity). Values are means ± SEM. Differences between groups were analyzed by two-way
ANOVA (age x obesity). Differences between groups of healthy weight, overweight and obesity
within each age group were analyzed by ANOVA followed by LSD tests. ** p < 0.01 and *** p < 0.001
between groups. REE, resting energy expenditure; FFM, fat-free mass. HW, healthy weight; OW,
overweight; OB, obesity.

3.4. Association between Serum Leptin Concentrations and REE/FFM in Children and Adolescents

Serum leptin concentrations were available in 113 children and adolescents. Leptin
levels were significantly higher in females (p = 0.003) and, although a slight trend was
observed, we found no effect due to age (p = 0.182) (Figure 5A). Serum leptin concentrations
were significantly correlated with fat mass (r = 0.66; p < 0.001) in both boys (r = 0.72; p < 0.001)
and girls (r = 0.64; p < 0.001). In the global sample, we found a statistically significant
positive correlation of serum leptin concentrations with REE (r = 0.28; p = 0.003), but not with
REE/FFM (r = −0.06; p = 0.559) as can be observed in Table 2 and Figure 5B. However, when
segregated by age groups we observed no global correlation of leptin levels with REE but,
interestingly, a significant positive correlation of serum leptin with REE/FFM (r = 0.48;
p = 0.011) was found in the 8–10 years age group (Figure 5B).
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Figure 5. (A) Comparison of serum leptin concentrations in the subsample of children and adolescents
(n = 113) segregated by gender and age groups (8–10, 11–13, and 14–17 years). Values are means ±
SEM. Differences between groups were analyzed by two-way ANOVA (age × gender). (B) Scatter
diagrams showing the correlations of serum leptin levels with REE (left) and REE/FFM (right)
segregated by age groups (8–10, 11–13 and 14–17 years). Pearson’s correlation coefficient (r) and p
values are indicated.

4. Discussion

The major findings of the present study are that (i) obesity is associated with an
increased REE in children and adolescents that is not observed after adjusting REE to FFM;
(ii) REE is higher in males but similar to females after adjustment by FFM; (iii) absolute
REE increases with age but decreases when referred to FFM; (iv) there is an interaction
on absolute REE showing that the age-related increment is more marked in males than
in females, which is not observed for REE/FFM; (v) the effect of obesity on REE is not
observed in the 8–10 years age range; and that (vi) serum leptin levels correlate with
REE/FFM in the 8–10 years age group only.

Previous studies in adults have shown that the increased REE observed in obesity is not
observed when REE is adjusted by FFM, the major determinant of REE [24–27]. However,
a reduced number of studies reported decreased REE in individuals with obesity when
REE is expressed as REE/FFM [28], which would agree with the initial theory of a reduced
energy expenditure in people with obesity as a cause of their obesity or as an obstacle
to lose weight [19]. In the present study, we used air displacement plethysmography to
determine FFM, a method shown to be useful for measuring body composition in children
and adolescents with good accuracy [54,55]. Similar to adults, children and adolescents
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with obesity have increased REE in absolute terms, but in most cases, when adjusting
REE by FFM, there are no statistically significant differences [41–44,56]. The work by
Bandini et al showed increased REE in adolescents with obesity even after adjustment by
FFM [20,57], while Molnár and Schutz in another study with one of the largest sample of
adolescents found no differences in REE after adjusting for both FFM and fat mass [58].
Our data show that obesity in children and adolescents is associated with an increase
in REE that is not observed after adjusting by FFM, which suggests that reduced energy
expenditure is not the cause of obesity in children and adolescents.

Gender is another factor that may be contributing to REE variability in children and
adolescents. In our hands, absolute values of REE are higher in males than in females, but the
differences are lost after adjustment by FFM. Some studies have found a significant influence
of gender on REE when FFM is accounted for [52,59,60] or after adjustment for FFM and fat
mass [61]. The contribution of gender to REE variability has been established at 1.1% [59].
However, other studies have observed a lack of effect of gender on REE/FFM [43,62] and
even on absolute REE values [63,64]. It is possible that the effect of gender on REE/FFM
is age-dependent in children and adolescents. In this sense, age has been considered a
clear determinant of REE being negatively correlated in adults [65] mostly due to the
changes in body composition [66], and positively in children and adolescents due to the
age-related increase in body size [67,68]. In the present study, REE showed a moderate
positive correlation with age, while REE/FFM was negatively correlated with age, in
agreement with previous studies [68]. Accordingly, REE/FFM was decreased in the group
of children and adolescents of 11–13 years of age as compared to the 8–10 years group,
and even reduced in the 14–17 years group, with a similar trend for boys and girls being
found. The decrease in age-associated REE/FFM is probably more related to a decrease in
REE relative to size with increasing body size than to an increase in FFM, since although
total FFM increases with age, the FFM% was very similar between the different age groups.
Interestingly, we found an interaction between age and gender in absolute REE values,
showing that the age-related increase is more marked in males than in females. This finding
is likely due to the higher amount of FFM in males associated with growth. In the same
line, the interaction observed between age and the degree of obesity in REE, with a lack
of effect of obesity in the 8–10 years group is, again, probably due to the amount of FFM.
There was no interaction between age and the degree of obesity in REE/FFM supporting
the notion that obesity is not associated with altered REE when REE is referred to FFM.

Data from the present study show that leptin exhibits a positive correlation with
REE in children and adolescents in the whole sample, while the association is lost when
REE is adjusted by FFM. Interestingly, when the analysis is performed by age groups
we observe a significant positive correlation of leptin with REE/FFM in the youngest
cohort (8–10 years of age). Several studies have shown that leptin is correlated with TEE in
children and adolescents [22,69,70], something that can be expected since circulating leptin
increases with body size as does TEE. Other studies have found a correlation of leptin with
REE, but the correlation is lost after adjustment by FFM or FFM and fat mass [22,69,71].
In some studies leptin was significantly and positively correlated with REE after FFM
adjustment [69], while other authors reported that TEE is independently influenced by
leptin in overweight children [23]. The fact that we found association of leptin with
REE/FFM only in the youngest group suggests that leptin may exert a thermogenic role at
early ages or that its putative thermogenic effect is lost as FFM and fat mass increase with
age. Interestingly, in this age group we did not observe an effect of obesity on absolute
REE values. In this sense, a study performed in adolescent females reported a correlation
between leptin and REE adjusted by FFM finding that those girls with the lowest amount
of FFM and fat mass exhibited the closest association [72]. In agreement with this, leptin
has been associated with energy expenditure during exercise in lean but not obese children
aged 8–10 years [73]. Leptin therapy in leptin-deficient patients and in lean people does not
affect energy expenditure, but in some cases leptin prevents the reductions in TEE in human
cohorts after weight loss achieved by dietary restriction [40]. A recent study has shown
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that leptin treatment does not affect energy expenditure in humans, but its systemic effects
may be more marked in individuals with low leptin levels [74]. Given that children aged
8–10 years was the group with the lower leptin levels without having less amount of fat
mass than the other groups, we propose that a threshold of leptin concentration or leptin/fat
mass may exist with leptin levels below that threshold paradoxically exerting effects on
REE. Whether or not leptin is playing a role in energy expenditure is still controversial and
deserves further research. Moreover, the adiponectin–leptin ratio has been established as a
promising index to estimate adipose tissue dysfunction in adults [75] and might be useful
also in children to assess functionality beyond the mere amount of fat mass.

Some potential limitations of our study should be pointed out. First, our study
was conducted in Caucasian subjects and it would need to be determined whether our
findings extend to other ethnicities. Second, the sample size of the group of lower age
with healthy weight was not particularly big. However, the sample was of enough size
in comparison to previous studies and the statistical analyses performed allowed us to
detect statistically significant differences among groups. Third, some authors consider that
although the normalization of REE to FFM (REE/FFM) is a commonly used method, this
approach may be inappropriate when a comparison between lean and obese individuals
is made. The logic behind this argument is that skeletal muscle increases with obesity
proportionally more than other more metabolically active organs, which also form part
of the FFM. Therefore, individuals with obesity tend to have lower REE/FFM than lean
individuals because REE does not increase in the same proportion, because their FFM is
proportionally less metabolically active than in lean individuals [19,76,77]. However, in our
sample, although being slightly higher in the group with obesity, there were no statistically
significant differences regarding FFM between groups. In this sense, it has been stated that
a simple and practical ratio-based way of universally adjusting REE for differences in body
size and composition does not exist [78]. The comparison of FFM metabolic activity and
in particular the one from the skeletal muscle mass between healthy weight and obesity
raises interesting questions for future studies.

5. Conclusions

In conclusion, our results indicate that obesity is not related to changes in REE when
REE is adjusted for FFM. REE/FFM is similar in both genders. Absolute REE increases with
age, but decreases when referred to FFM and there is an interaction between gender and
age on absolute REE showing that age-related increment is more marked in boys than in
girls, in relation to a higher FFM. Interestingly, the effect of obesity on REE is not observed
in children aged 8–10 years, which is the only age group in which serum leptin levels are
positively correlated with REE/FFM.
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.3390/nu13041216/s1, Figure S1: Correlations of FFM with REE and of age with REE and REE/FFM,
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by age and ponderal status.
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Abstract: Adolescents’ daily life has dramatically changed during the COVID-19 era due to the
social restrictions that have been imposed, including closures of schools, leisure centers and sport
facilities. The purpose of this study was to examine levels of well-being and mood and their relations
with physical (in)activity and eating behaviors in adolescents during a lockdown period in Greece.
A total of 950 adolescents (Mean Age = 14.41 years ± 1.63) participated in a web-based survey
while education was conducted online and organized sport activities were interrupted. Participants
showed poor well-being, insufficient physical activity levels and moderate scores of healthy eating
behavior. Hierarchical regression analysis showed that, after controlling for the effect of gender
and body mass index, increased physical activity and healthier eating behavior predicted better
well-being (b = 0.24, p < 0.01 and b = 0.19, p < 0.01, respectively), whereas sedentariness predicted
worse well-being (b = −0.16, p < 0.01). Furthermore, it was revealed that days of physical activity per
week was a stronger predictor of well-being than minutes of physical activity per week, and that
both in-house and out-of-house physical activity were beneficial. Considering that well-being in our
study was below the threshold recommended by the World Health Organization as indicative of
possible depressive symptoms, measures to increase physical activity, decrease sedentariness and
improve eating behavior should become a priority for communities and policy makers.

Keywords: pandemic; COVID-19; lockdown; exercise; sport; diet; mood; quality of life

1. Introduction

Physical activity is defined as “any bodily movement produced by skeletal muscles
that results in energy expenditure” [1] and includes various subsets such as walking, cy-
cling or sport. A subset of physical activity that is planned, structured, repetitive and
purposive to fitness gains is typically called “exercise” [1]. Physical activity is a preven-
tive/therapeutic factor towards psychological well-being components or proxies while
sedentariness an adverse factor. Particularly, large-scale cross sectional studies in adults
have linked physical activity to lower risk of depression [2] and sedentariness to higher
risk of depression [3]. Furthermore, systematic reviews or cross sectional studies found
that exercise is related with lower depression [4,5] or anxiety [6] in adult samples. Various
systematic reviews of cross sectional and empirical studies in young people (<18 years)
have also demonstrated the positive and negative role, respectively, of physical activity and
sedentariness in well-being [7,8]. Similarly, meta-analyses showed that physical activity in
young people improves well-being components such as depression [9,10] or anxiety [11,12].
The World Health Organization (WHO) [13] guidelines for better mental health recommend
physical activity of ≥420 min/week for adolescents, a larger amount of time than for adults
(150–300 min/week). This highlights the importance of increased physical activity for
better well-being in adolescents.
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However, physical activity and well-being are decreasing worldwide after the COVID-
19 pandemic declaration by the WHO in March 2020. Particularly, lockdown measures via
social distance restrictions including closures of schools, leisure facilities and sport clubs
have been repeatedly introduced to contain the spread of the SARS-CoV-2 virus but led
adolescents to lower physical activity and well-being [14–19]. In spite of this rather somber
reality, some encouraging findings were provided by a study conducted in China [16],
which reported that even limited weekly physical activity (>60 min of weekly) was linked
to lower risk of deteriorated well-being in young people during the COVID-19 pandemic.
In line, the WHO [13] recommends >60 min/day of moderate-vigorous physical activity for
better mental health in adolescents. The importance of physical activity for adolescents is
highlighted further by a series of research findings in the era of COVID-19. Particularly, it
has been found that physical activity lowers sedentariness and sleep disturbance [19], which
are, in turn, linked to an improvement of the widely deteriorated dietary behavior [20,21].
The importance of addressing healthy dietary behavioral patterns should represent a
constant concern. State-of-the-art outlines have reported an update for healthy eating
across five continents and for Mediterranean diet, with physical activity being an inherent
component [22,23].

In the imposed COVID-19 lockdown period in Greece (spring 2020), adults showed
decreased physical activity [24] increased depressive symptoms [25], disturbed eating
behavioral patterns [26] and the lowest well-being across the 27 European Union member
states [27]. In the same period, 25.9% of Greek young adults (University students) have
shown increased depressive symptoms corresponding to a threshold for clinical depres-
sion [28]. Despite these dramatic changes, the prevalence of well-being, the level of physical
(in) activity, the status of eating behaviors and the predictive well-being effects of physical
(in) activity and eating behaviors have not been explored in Greek adolescents during a
COVID-19 lockdown period. This exploration is essential, as many Greek adolescents in
the pre-COVID-19 era showed poor eating behavior [29] and of the lowest well-being levels
across 31 countries [30]. This exploration should thus be prioritised to update decision-
makers on effective policies for adolescents during a lockdown period, especially since
35% of the Greek families reported well-being decreases for their kids (<18 years) in the
first lockdown during spring 2020 [31].

Therefore, this study aimed to explore the prevalence of poor well-being, and the levels
and predictive effects of physical activity and eating behavior on well-being in adolescents
during the second total lockdown period (November 2020–January 2021) in Greece.

2. Materials and Methods

The study was conducted in accordance with the Declaration of Helsinki and received
ethical approval from the University of Thessaly ethics committee (Re: 1723;/09-12-2020).
An online survey was prepared using Google Forms, which allowed gathering information
during the COVID-19 pandemic lockdown period. Inclusion criteria for participating in
this study were age, 12–17 years, and educational level, attending the secondary Greek
education (Gymnasium or Lyceum). First, a social media search was conducted with
the aim to allocate groups of interest for parents (schools, institutions, parent/guardian
groups or associations). The survey was subsequently communicated to such lists. In this
communication parents were informed regarding the aim of the survey, the procedures,
and the expected benefits. They were also reassured that participation was voluntary
and they, or their children, could withdraw from the completion of the survey if they
wished. Parents were subsequently asked to provide their consent for their children’s
participation, and finally asked to forward the survey to their children. The completion of
the survey took approximately 15 min and was based on self-reports. Data were collected
between mid-January and the beginning of February 2021. Hence, the data captures
the reactions of participants in the period of the second lockdown period, when school
classes were conducted online and the vast majority of sport activities for our target group
were interrupted.
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2.1. Sample

Participants were 950 adolescents (518 boys) aged 12 to 17 years (Mage = 14.41,
SD = 1.63), who attended secondary education in Greece (46% junior high school (Gymna-
sium), 54% high school (Lyceum)). Based on self-reports on weight and high, the mean
Body Mass Index (BMI) of participants was 21.06 (SD = 2.30). Among them, 698 (73%)
were members of sport clubs with mean sport experience 7.17 (SD = 2.89) years, mean
competitive experience 4.70 (SD = 2.26) years; they were training between 3 and 6 days per
week (M = 4.57, SD = 1.43 days) for an average of 6.94 (SD = 4.28) hours.

2.2. Measures
2.2.1. Physical Activity and Sedentary Behavior

The International Physical Activity Questionnaire Short Form (IPAQ-SF) [32], in
particular, the Greek version previously implemented to adolescents [33], was used to
assess participants’ physical activity and sedentary behavior. The questionnaire assesses
frequency (days/week) and duration (minutes/day) of light, moderate, and vigorous
intensity physical activity, and in addition sedentary time per day. The amount of physical
activity per week, per category of intensity, is calculated by multiplying the number
of days/week reported by the minutes/day reported. Sedentary time is calculated by
multiplying the average sedentary time per day by seven. The total physical activity per
week was calculated by adding the minutes of the different intensities. Two items similar
to the ones of the IPAQ-SF were added in this survey to better capture physical activity
during the lockdown period; these asked participants to indicate frequency and duration
of physical activity in the house and out of the house (e.g., street, park, sport venues). The
scores for these additional items were calculated accordingly.

2.2.2. Mood

The Greek version of the 4-Dimensional Mood Scale (4DMS) [34] was used to assess
participants’ mood. The scale consists of 20 adjectives assessing positive energy (posi-
tive affectivity and high activation—four items), relaxation (positive affectivity and low
activation—five items), negative arousal (negative affectivity and high activation—six
items), and tiredness (negative affectivity and low activation—five items). Participants
rated each adjective on the extent to which it generally described their mood during the
previous seven days using a 5-point Likert format (1 = not at all, 5 = very much).

2.2.3. Psychological Well-Being

The World Health Organization Well-Being Index-5 [33] was used to assess partici-
pants’ psychological well-being. This scale consists of five questions focusing on subjective
quality of life based on positive mood (good spirits, relaxation), vitality (being active and
waking up fresh and rested) and general interest (being interested in things). Participants
were asked to indicate their levels of well-being during the previous seven days. Responses
were given on a 6-point Likert scale (0 = at no time, 5 = all the time), with lower scores
indicating worse well-being. According to the WHO, the Well-Being Index-5 has been
translated in more than 30 languages including the Greek language and can be employed
for children aged 9 years old and above [33].

2.2.4. Eating Behavior

A slightly modified version of the Short Diet Behaviour Questionnaire for Lockdowns
(SDBQ-L) [35,36] was used to address eating behavior for the study population. Following
a short description of what consists healthy eating, participants asked to indicate whether
(a) they were following a healthy diet, (b) they were eating more than usual, (c) they were
eating on a consistent schedule, and (d) they were eating out of control. Responses were
provided on a 7-point Likert scale (1 = definitely no, 7 = definitely yes), with higher scores
indicating better eating behavior after reversing scores for items ‘b’ and ‘d’. The SDBQ-L
has been previously administrated in Greek populations [35].
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2.2.5. Data Analysis

Descriptive statistics, Cronbach’s alpha coefficients for the scales, and correlations
between all variables are presented in Table 1. The reliability of all scales was satisfactory,
ranging from 0.80 to 0.87. Notably, first and foremost, participants’ mean score on well-
being index was close to the median point of the scale, below the WHO threshold (<13),
indicating a poor well-being [33]. Scores for positive moods were moderate and for negative
moods moderate to low. Moderate and vigorous physical activity combined were below
the 50% of the recommended by WHO physical activity. Finally, scores on healthy eating
habits were moderate. Well-being was strongly, positively related to positive moods and
negatively to negative moods. Physical activity and healthy eating habits showed moderate
positive correlations with well-being and positive moods, and negative low correlations
with negative moods. Finally, sedentary behavior showed negative correlations with
well-being and positive moods and positive correlations with negative moods.
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3. Results

3.1. Preliminary Analyses

Descriptive statistics, Cronbach’s alpha coefficients for the scales and correlations
between all variables are presented in Table 1. The reliability of all scales was satisfactory,
ranging from 0.80 to 0.87. Notably, first and foremost, participants’ mean score on well-
being index was close to the median point of the scale, below the WHO threshold, indicating
a poor well-being. Scores for positive moods were moderate and for negative moods
moderate to low. Moderate and vigorous physical activity combined were below the 50%
of the recommended by WHO physical activity for adolescents. Finally, scores on healthy
eating habits were moderate. Well-being was strongly, positively related to positive moods
and negatively to negative moods. Physical activity and healthy eating habits showed
moderate positive correlations with well-being and positive moods, and negative low
correlations with negative moods. Finally, sedentary behavior showed negative correlations
with well-being and positive moods and positive correlations with negative moods.

3.2. Group Differences

Two, two-way (2 × 2) multivariate analyses of variance, one for the psychometric
variables (well-being and mood) and one for the behavioral variables (total physical
activity, sedentary time, and healthy eating habits), were conducted to test for differences
as a function of sex and sport participation. Mean scores for all subgroups are presented
in Table 2.

Table 2. Mean scores for all subgroups.

Boys Girls Athletes Non-Athletes
M SD M SD M SD M SD

1. Well-being 14.41 5.55 10.47 5.63 13.22 5.90 10.96 5.65
2. Positive energy 3.22 0.95 2.73 0.96 3.07 1.00 2.86 0.91
3. Relaxation 2.95 0.76 2.50 0.79 2.77 0.83 2.70 0.75
4. Negative activation 1.83 0.72 2.36 0.97 2.03 0.84 2.18 0.99
5. Tiredness 1.93 0.71 2.16 0.89 2.01 0.77 2.11 0.89
6. Eating behaviour 4.38 1.18 4.53 1.24 4.49 1.23 4.34 1.14
7. Light PA 281,96 221,42 205,71 184,62 267,57 209,79 190,99 196,03
8 Moderate PA 106,74 123,19 85,80 114,24 112,57 128,05 54,58 77,79
9. Vigorous PA 85,42 118,82 51,74 79,26 80,40 108,28 41,51 85,16
10. Total PA 474.12 359.28 343.25 288.00 460.55 339.34 287.09 281.84
11. Sedentary time 413.73 210.68 469.55 219.82 429.29 211.53 466.37 228.19

M: Mean; SD: Standard Deviation; PA: Physical Activity.

Regarding the psychometric variables, the analyses showed significant multivari-
ate effects for sex, F (5, 941) = 22.21, p < 0.01, partial η2 = 0.11, and sport participation,
F (5, 941) = 4.87, p < 0.01, partial η2 = 0.03, and a non-significant interaction effect,
F (5, 941) = 1.45, p = 0.20. Examination of the univariate effects for sex revealed signif-
icant differences in well-being, F (1, 949) = 74.99, p < 0.01, partial η2 = 0.07, positive energy,
F (1, 949) = 29.68, p < 0.01, partial η2 = 0.03, relaxation, F (1, 949) = 55.76, p < 0.01, partial
η2 = 0.06, negative activation, F (1, 949) = 66.87, p < 0.01, partial η2 = 0.07, and tired-
ness, F (1, 949) = 18.52, p < 0.01, partial η2 = 0.02, with boys scoring higher than girls
on well-being and positive moods, and lower on negative moods. Examination of the
univariate effects for sport participation revealed significant differences in well-being,
F (1, 949) = 18.17, p < 0.01, partial η2 = 0.02, and positive energy, F (1, 949) = 11.40, p < 0.01,
partial η2 = 0.01, with athletes scoring higher than non-athletes, and non-significant effects
for relaxation, F (1, 949) = 0.03, p = 0.86, negative activation, F (1, 949) = 1.72, p = 0.19, and
tiredness, F (1, 949) = 1.21, p = 0.27.

Regarding the behavioral variables, the analyses showed significant multivariate
effects for sex, F (3, 942) = 11.23, p < 0.01, partial η2 = 0.04, and sport participation,
F (3, 942) = 15.26, p < 0.01, partial η2 = 0.05, and a non-significant interaction effect,
F (3, 942) = 0.78, p = 0.51. Examination of the univariate effects for sex revealed signif-
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icant differences in total physical activity, F (1, 948) = 21.56, p < 0.01, partial η2 = 0.02,
and sedentary time, F (3, 942) = 9.46, p < 0.01, partial η2 = 0.01, with boys scoring higher
in physical activity and lower on sedentary time, and a non-significant effect on healthy
eating habits, F (1, 948) = 1.66, p = 0.20. Examination of the univariate effects for sport
participation revealed significant differences in physical activity, F (1, 948) = 43.95, p < 0.01,
partial η2 = 0.04, and healthy eating habits, F (1, 948) = 3.89, p < 0.01, partial η2 = 0.01, with
athletes scoring higher than non-athletes, and a non-significant effect on sedentary time,
F (1, 948) = 3.54, p = 0.06.

3.3. Prediction of Well-Being

Three sets of hierarchical regressions analyses were performed to examine the pre-
dictive strength of the behavioral variables for well-being, and the specifics of physical
activity in predicting well-being. In all analyses, sex and BMI were entered in the first step
to account for sex differences and the effect of BMI on well-being, which were identified in
the preliminary analyses.

In the first hierarchical analysis, total physical activity, sedentary time and healthy
eating habits were entered in the second step of the analysis. In the first step of the
analysis, sex and BMI predicted 13% of the well-being variance, with both predictors being
significant (b = −0.34, p < 0.01 and b = −0.15, p < 0.01, respectively). In the second step, the
introduction of the behavioral variables raised the prediction to 27.5% of the variance. All
predictors were significant; among the behavior variables, total physical activity was the
stronger (b = 0.24, p < 0.01), followed by eating habits (b = 0.19, p < 0.01) and sedentary
time (b = −0.15, p < 0.01). The results of this regression analysis are presented in Table 3.

Table 3. Prediction of well-being from behavioral variables.

Beta t R2 F

step 1 13 (2, 914) = 68.40 **
Sex −0.33 −10.95 **
BMI −0.15 −4.89 **

step 2 27.5 (5, 914) = 68.96 **
Sex −0.27 −9.54 **
BMI −0.09 −3.28 **

Total PA 0.24 8.03 **
Sedentary time −0.16 −5.49 **
Eating behavior 0.19 6.57 **

** p < 0.01; BMI: Body Mass Index; PA: Physical Activity.

The purpose of the second regression was to identify (a) the role of physical activity
intensity and (b) whether frequency (i.e., number of days/week) or duration (total number
of minutes/week) of physical activity were stronger predictors of well-being. Thus, in
this hierarchical analysis, days and total time of light, moderate and vigorous physical
activity were entered in the second step of the analysis. In the second step of the model,
the introduction of the physical activity raised the prediction from 13.1% to 23.4% of the
variance. Interestingly, the frequency of light, moderate and vigorous physical activity
were all significant predictors of well-being, while the duration was not significant for any
of them. Similar coefficients were revealed for all types of activity; for vigorous, b = 0.12,
p < 0.01, for moderate, (b = 0.10, p < 0.01), and for light, (b = 0.14, p < 0.01). The results of
this regression analysis are presented in Table 4.

155



Nutrients 2021, 13, 1449

Table 4. Prediction of well-being from physical activity intensity, frequency and duration.

Beta t R2 F

step 1 13.1 (2, 915) = 68.88 **
Sex −0.33 −10.95 **
BMI −0.15 −4.89 **

step 2 23.4 (8, 914) = 34.55 **
Sex −0.26 −8.80 **
BMI −0.10 −3.57 **

Light PA-days 0.13 4.01 **
Light PA-time 0.03 0.92

Moderate PA-days 0.10 2.55 *
Moderate PA-time 0.04 1.25
Vigorous PA-days 0.12 2.87 **
Vigorous PA-time 0.01 0.36

* p < 05; ** p < 0.01; BMI: Body Mass Index; PA: Physical Activity.

The purpose of the third regression analysis was to identify the role of physical activity
location. Thus, in this hierarchical analysis, days of in-house physical activity and days of
out-of-house physical activity were entered in the second step of the analysis. In the second
step, the introduction of the physical activity raised the prediction from 13.1% to 22.6% of
the variance. Both variables were significant predictors of well-being, with out-of-house
physical activity (b = 0.23, p < 0.01) being stronger than in-house physical activity (b = 0.17,
p < 0.01). The results of this regression analysis are presented in Table 5.

Table 5. Prediction of well-being from physical activity location.

Beta t R2 F

step 1 13.1 (2, 913) = 68.89
Sex −0.34 10.99 **
BMI −0.15 4.92 **

step 2 22.6 (4, 911) = 66.43
Sex −0.27 9.10 **
BMI −0.11 3.79 **

Home PA 0.17 5.59 **
Out-of-home PA 0.23 7.41 **

** p < 0.01; BMI: Body Mass Index; PA: Physical Activity.

4. Discussion

The present study aimed primarily at identifying relationships between physical activ-
ity, sedentariness, eating behavior and well-being among adolescents during a lockdown
period, while school classes were delivered on-line and organized sport activities were
interrupted. The most striking result was the worryingly low levels of well-being reported
by participants. The average score on well-being, and accordingly the score of 49.5% of the
participants, was below the threshold (total score < 13) identified by the WHO as requiring
inspection for depressive symptoms [33]. Similarly, 48.3% of Australian adolescents in
a COVID-19 lockdown showed mental distress corresponding to a probable mental ill-
ness [37]. Poor well-being components have also been recorded in Philippines where 27%
to 40% of young people aged 12 to 21 years old showed increased levels of anxiety and/or
depressive symptoms [38].

The signaling effects of the COVID-19 on Greek adolescents have been identified
during the previous lockdown period, in spring 2020. In a study with parents, it was
reported that the psychological health of children (<18 years) was considerably affected
in 35% of the Greek families [31]. These findings are similar to the findings from Canada
where 35.7% of parents were found to be experiencing high levels of anxiety due to COVID-
19 [39]. Similarly discouraging findings were found for young people and/or parents in the
previous lockdown period in Italy [40,41] or in Greece; for example, University students in
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Greece showed considerable reduction of mental health, including increased anxiety and
depressive symptoms corresponding to a threshold for clinical depression [28].

Encouragingly, physical activity and healthy patterns of eating behavior were posi-
tively related with participants’ positive mood dimensions and well-being. Furthermore,
adolescents who used to participate in organized sport reported higher levels of physical
activity and better well-being compared to those not participating in organized sport,
above the threshold suggested by the WHO for better well-being but still low. Despite
the interruption of sport due to the restrictions, which should have had a more dramatic
impact on athletes’ physical activity and subsequently well-being, athletes managed to
maintain a more active lifestyle and better well-being. Various studies have repeatedly
related physical activity with better well-being components including lower depression and
anxiety symptoms in adolescents [11,12] and adults [4,6]. In light of this repeated positive
evidence, the WHO [13] guidelines recommend adolescents perform physical activity of
60 min/day (≥420 min/week) for better mental health. Physical activity of participants
in the present study was below the recommended by the WHO levels, nevertheless, was
the stronger predictor of well-being, even after controlling for the effects of sex and BMI
that were also found to influence well-being. The beneficial effects of physical activity for
mental health during the COVID-19 pandemic have been also evidenced in young Chinese
persons by the authors of [16], who reported that physical activity for >60 min/week was
linked to lower risk of deteriorated well-being.

Healthy eating emerged as a secondary significant predictor of better well-being. Indeed,
healthy eating in the COVID-19 pandemic is linked to improved well-being components
such as lower depressive and anxious symptoms [42]. However, eating behavioral patterns
have deteriorated in the COVID-19 pandemic (e.g., number of main meals or snacks between
meals, eating out of control or type of food) [36]. Furthermore, data from Cyprus for the
pre- and post-lockdown period due to COVID-19 reported a significant increase of young
people (5–14 years old) consuming food items containing sugar [18]. Initiatives towards
healthier eating behavior at home are thus essential, and relevant updates have been recently
published for further action. In particular, the importance of addressing healthy dietary
behavioral patterns represents a constant concern. State-of-the-art outlines have reported an
update for healthy eating across five continents and for Mediterranean diet, with physical
activity being an inherent component [22,23]. Such initiatives, however, seem to be potentially
challenging due to adolescents’ poor well-being. Despite this somber reality, the multiple
benefits of physical activity reveal promising perspectives towards healthier eating. In
particular, physical activity lowers sedentariness and sleep disturbance [19], which are, in
turn, linked to less deteriorated dietary behavior [20,21]. This beneficial sequence seems to be
supported, although not examined, in our study by the correlations amongst house-based
physical activity, better eating behavior and improved well-being.

In contrast to physical activity and healthy eating behavior, sedentary time predicted
well-being deterioration in our study. This is an unsurprising finding because seden-
tary time has been repeatedly associated with deteriorated well-being components (e.g.,
depression) in large-scale epidemiological studies across adolescents [7,8] and adult pop-
ulations [3]. Moreover, adolescents living in COVID-19 lockdowns have demonstrated
increased sedentariness and low well-being [14–19]; sitting time in particular has dramati-
cally increased [36] and clearly related with deteriorated well-being components including
sleeping patterns and depressive and anxiety symptoms [43]. Tackling sedentary time in
Greek adolescents during the COVID-19 pandemic and involved lockdowns should thus be
prioritized to decrease sitting time modalities such as the widespread screen time. Towards
this direction, it would be interesting to consider the potentially detrimental effects of
online schooling on physical activity, and address to school directors and policy makers
the importance of physically active breaks between classes in the daily schedule.

A final issue deserving consideration is the relevant contribution of physical activity
modalities towards the prediction of well-being. The first notable point is that frequency of
physical activity (days/week) was a stronger predictor of duration (total minutes/week),
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for all physical activity intensity modes. The emerged importance of frequency in physical
activity participation has significant implications for how the recommendations for physical
activity that should be prioritized, at least during the pandemic times. Small bouts of
physical activity may increase overall frequency (days/week) without increasing risks of
injuries, which are typically linked to accumulated physical activity volume. In line with
this, a recent study has reported the contribution of small bouts to increased frequency
of physical activity among children [44]. The second issue is that out-of-house physical
activity was a stronger predictor of well-being; yet, after accounting for that effect, in-
house physical activity was still a significant predictor. Even though the superiority of
the out-of-house activity is a reasonable finding, that in-house physical activity during a
lockdown time, where the chances of going out of the house are limited, highlights the
unique impact that physical activity per se, not combined with going out, can have on
well-being. Therefore, the promotion of ideas and innovative ways to exercise in the house
should be particularly emphasized during lockdown periods.

5. Limitations

The findings of the current study should be considered under the light of certain
limitations. First, the cross-sectional design of the study does not allow causal conclusions
with regard to the statistical prediction of well-being from physical activity, sedentariness
and eating habits; second, the reliance on self-reported behavioral measures, including
physical activity, sedentary behavior and eating habits, which are dependent on memory
and, in cases, liable to social desirability; third, the consideration of additional, to gender
and BMI, control variables that may have influenced the results; and finally the recruitment
of the sample through the social media, which does not allow calculation of response
rates and limits the participation of people without access to the internet or non-users of
social media, thus limiting the generalizability of the findings. These limitations, despite
being typical in large scale surveys, and in particular web-based surveys, suggest that our
findings should be interpreted with caution.

6. Conclusions

Action needs to be taken by both researchers and policy makers to enhance well-being
in Greek adolescents by providing guidance and opportunities for increased physical
activity, decreased sedentary time and healthier eating behaviors. Such action is of high
priority as 50% of our sample showed levels of well-being below the general population
norms. These levels signify according to the WHO the need to subsequently investigate
for potential depression; thus, prompt research is warranted to address this important
health risk that emerged during the pandemic. Considering evidence suggesting that Greek
adolescents’ physical activity and well-being are among the lowest in Europe even before
the emergence of the pandemic [30], initiatives targeting the improvement of healthy habits
should be supported hereafter with consistency.
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Abstract: Previous findings suggest that parental feeding practices may adapt to children’s eating
behavior and sex, but few studies assessed these associations in toddlerhood. We aimed to study
the associations between infant’s appetite or children’s genetic susceptibility to obesity and parental
feeding practices. We assessed infant’s appetite (three-category indicator: low, normal or high
appetite, labelled 4-to-24-month appetite) and calculated a combined obesity risk-allele score (genetic
risk score of body mass index (BMI-GRS)) in a longitudinal study of respectively 1358 and 932 children
from the EDEN cohort. Parental feeding practices were assessed at 2-year-follow-up by the CFPQ.
Three of the five tested scores were used as continuous variables; others were considered as binary
variables, according to the median. Associations between infant’s appetite or child’s BMI-GRS and
parental feeding practices were assessed by linear and logistic regression models, stratified on child’s
sex if interactions were significant. 4-to-24-month appetite was positively associated with restrictive
feeding practices among boys and girls. Among boys, high compared to normal 4-to-24-month
appetite was associated with higher use of food to regulate child’s emotions (OR [95% CI] = 2.24
[1.36; 3.68]). Child’s BMI-GRS was not related to parental feeding practices. Parental feeding practices
may adapt to parental perception of infant’s appetite and child’s sex.

Keywords: parental feeding practices; genetic susceptibility to obesity; eating behavior; birth cohort

1. Introduction

Childhood overweight and obesity are a major public health challenge of this cen-
tury, affecting an estimated 38.2 million children under 5 years old worldwide in 2019 [1].
Childhood obesity is associated with short- and long-term adverse outcomes, such as adult-
hood obesity and cardio-metabolic disorders [2]. Obesity is mostly caused by interactions
between genetic susceptibility and obesogenic environment [3,4]. A great number of the
genes identified by genome-wide association study of obesity and also those from studies
of monogenic forms of severe childhood obesity appear to be involved in the central regu-
lation of food intake [5]. Moreover, several studies have shown that genetic susceptibility
to obesity affects infant [6] and child’s appetite [4,7] and that early appetite is related to the
child’s weight status later in childhood [8–10].

According to the Developmental Origins of Health and Disease concept, early child-
hood is a vulnerability window: the first years of life are characterized by a rapid change in
infant feeding from milk to solid foods that will lay the foundation for future eating habits
and behaviors [11,12]. Parents play a key role in the development of healthy eating habits
and eating behavior in childhood in that they decide which foods the child is offered as
well as the portion size, feeding time and meal environment [12,13]. Moreover, parents play
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a model role [14,15]. The influence of parents on their child’s eating behavior development
starts in the first weeks of life with breastfeeding. Indeed, previous studies suggest that
breastfeeding is positively associated with infant’s self-regulation capacities [12] and is also
related to child’s eating behavior [16] and parental feeding practices [17]. Other studies
suggest that parental feeding practices may differ according to child’s sex and that, for the
same parental feeding practice, child’s response may depend on their sex [18,19]. Moreover,
several cross-sectional studies have found that coercive parental feeding practices, such as
restriction or pressure to eat, are related to child’s weight status (e.g., parental restrictive
feeding practices are associated to higher child’s BMI, whereas parental pressure to eat is as-
sociated to lower child’s BMI) [20–22], child’s intake (e.g., parental restrictive practices are
associated with increased child’s energy intake) [23–25] or eating behavior (e.g., parental
pressure to eat may enhance food dislikes) [26,27]. Some longitudinal studies found that
coercive feeding practices led to lower childhood BMI [28,29]. Recent longitudinal studies
have highlighted that associations between child’s weight status and eating behavior and
parental feeding practices could be more complex, non-linear and bidirectional [13,30–32].
They have especially suggested that parents may adapt their feeding practices to the ap-
petite of their child (i.e., using restriction if the infant’s appetite is considered high) [31] and
to the child’s weight status [33–36]. The child’s genetic susceptibility to obesity appeared
positively related to infant’s appetite [6] and to appetitive traits in childhood [7,37], but
a recent review stated that it remains unclear how genetic and parental feeding practices
interact to influence child’s appetite [38].

In this context, we aimed to study the associations between infant’s appetite or child’s
genetic susceptibility to obesity and parental feeding practices in toddlerhood with a
longitudinal design. We hypothesized that (1) infants perceived as always asking for
food during first years of life may lead to higher parental restrictive feeding practices and
higher parental use of food for non-nutritional purposes (i.e., using food to manage infant’s
emotions or as a reward); (2) infants perceived as having low appetite during the first years
of life may lead to greater parental pressure to eat, and (3) a higher child’s genetic risk
score of body mass index (BMI-GRS) may lead to higher use of restrictive parental feeding
practices and lower use of pressure to eat.

2. Materials and Methods

2.1. Study Population

The EDEN mother-child study is a prospective cohort aiming at assessing prenatal
and postnatal determinants of childhood growth, development and health [39]. Briefly,
2002 pregnant women under 24 weeks’ amenorrhea were recruited from 2003 to 2006 in
two French university hospitals, in Poitiers and Nancy. Exclusion criteria were multiple
pregnancies, known diabetes before pregnancy, illiteracy and planning to move outside
the region in the next 3 years. This study was approved by the ethics research committee
of Bicêtre hospital (ID 0270 of 12 December 2002) and by the National Commission on
Informatics and Liberty (CNIL, ID 902267 of 12 December 2002). Written consent was
obtained from both parents.

Data collected during pregnancy and at birth included sociodemographic variables,
maternal smoking and newborn characteristics (sex, gestational age, birthweight). At 4,
8, 12 and 24 months after birth, mothers completed mailed questionnaires that provided
detailed information on their feeding practices.

2.2. Infant’s Appetite

At ages 4, 8, 12 and 24 months, maternal perception of infant’s appetite was assessed
with a single item, translated as “Usually, would you say that your baby: (1) is always
hungry or demanding to feed? (2) demands to feed the same as other babies of the same
age? (3) needs to be stimulated to eat (at 4, 8 and 12 months) or is not often hungry (at
24 months)?” High appetite was defined by the category “is always hungry or demanding
to feed”, normal appetite by the second category “demands to feed the same as other babies
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of the same age” and low appetite by the third category “needs to be stimulated to eat/not
often hungry”. Using the four age-specific variables, infants were classified in the “low
appetite” category when parents reported a low appetite at least once up to 24 months
and never reported a high appetite during this period. Infants were classified in the “high
appetite” category when parents reported a high appetite at least once up to 24 months
and never reported a low appetite during this period. All other infants were classified in
the “normal appetite” category.

2.3. Children’s Genetic Susceptibility to Obesity

DNA was extracted from cord-blood samples collected at birth [39]. As previously
described, genotyping candidate single nucleotide polymorphisms (SNPs) was conducted
at the Medical Research Council Epidemiology Unit, Cambridge (iPLEX platform; Se-
quenom) [40]. Among the 32 loci identified by Speliotes et al. as having genome-wide
significant associations with BMI in adults [41], in the present study, we considered the
16 SNPs also showing associations with childhood BMI in that original report [41] or in
subsequent data [42], as in previous studies [6]. Briefly, a combined obesity risk-allele score,
indicating genetic susceptibility to obesity (BMI-GRS), was calculated for each included
infant as the sum of risk alleles (0, 1 or 2) associated with higher BMI across the 16 SNPs.
In the present study, the score ranged from 5 to 22 from a possible range of 0 to 32.

2.4. Parental Feeding Practices

At the 2-year follow-up, parental feeding practices were evaluated by using the
Comprehensive Feeding Practices Questionnaire (CFPQ) [43] translated in French and
validated in French children [44]. In the present analysis, five scales of the questionnaire
were used: restriction for health (4 items, e.g., if I did not guide or regulate my child’s eating,
s/he would eat too much of his/her favourite foods, Cronbach’s α = 0.79), restriction for
weight (4 items, e.g., I encourage my child to eat less so he/she won’t get fat, Cronbach’s
α = 0.67), pressure to eat (3 items, e.g., my child should always eat all of the food on his/her
plate, Cronbach’s α = 0.59), using food as a reward (3 items, e.g., I offer my child his/her
favourite foods in exchange for good behaviour, Cronbach’s α = 0.45) and using food to
regulate the child’s emotions (3 items, e.g., do you give this child something to eat or drink
if s/he is upset even if you think s/he is not hungry?, Cronbach’s α = 0.66). Each item
is associated with a score between 1 (never or disagree) and 5 (always or agree). Scores
of coercive parental feeding practices (restriction for health, restriction for weight and
pressure to eat) were considered as continuous variables. Because scores were not normally
distributed and transformations tested did not help to reach normality, parental feeding
practices of using food as a reward or to regulate the child’s emotions were considered
as binary variables, according to the median in our sample. “Normal use” of a specific
parental feeding practice was defined by a score below the median and “high use” by a
score equal to or above the median.

2.5. Potential Confounders

The maternal characteristics were collected at the maternity ward and included mater-
nal age at delivery (years), primiparity (yes/no), maternal education level (<high school
diploma, high school diploma, 2-year university degree and 5-year university degree),
household income (≤€1500, €1501 to €2300, €2301 to €3000 and >€3000) and smoking status
during pregnancy (no smoker/ smoker). The child’s characteristics were collected at birth
and during the first year: sex, birth weight (kg), any breastfeeding duration (<1 month, 1 to
<4 months and at least 4 months) and age at complementary food introduction (months).
At each clinical examination (birth, 1, 3 and 5 years), the child’s weight and length were
measured. At each follow-up (4, 8 and 12 months, 2, 3, 4 and 5 years), weight and length
data were collected from self-administered questionnaires and clinical visits when re-
ported by health professionals in the child’s health booklet. Individual growth curves for
weight and length were predicted by using the Jenss growth curve model as previously
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described [45]. This method allows for calculating parameters for individual growth pat-
terns, such as weight, length and body mass index (BMI). In the present study, we used the
WHO weight-for-length z-score at 2 years as a covariate in sensitivity models.

2.6. Sample Selection

Of the 2002 women recruited, 76 were excluded because they left the study before or
at the time of delivery; 24 because of miscarriages, intrauterine death or discontinuation of
pregnancy for medical reasons; and nine because they delivered outside the study hospitals.
Data on birthweight were available for 1899 newborns. Infants with missing data on at least
one parental feeding practice or less than 2 time points for infant’s appetite assessment
(n = 499) and on potential confounders (n = 42) were then excluded (Figure 1). These
exclusions lead to a sample of 1358 infants for complete-case analysis of the association
between infant’s appetite and parental feeding practices.

Figure 1. Flow of participants in the study.

Children with missing data on child’s BMI-GRS were excluded for analyses involving
BMI-GRS, leading to a sample of 932 infants.

2.7. Statistical Analyses
2.7.1. Main Analyses

Comparisons between included and excluded populations were assessed by chi-
square and Student t-tests. Bivariate analyses between infant’s appetite or child’s BMI-GRS
and parental feeding practices involved unadjusted linear and logistic regression models.
Associations between infant’s appetite or child’s BMI-GRS and parental feeding practices
were tested with linear regression models for coercive parental feeding practices and with
logistic regression models for parental use of food for non-nutritional purposes. Analyses
were run separately for each outcome. We tested the interaction between child’s sex and
infant’s appetite for each parental feeding practice. Significant interactions were observed
for the following feeding practices: restriction for health (p = 0.003), restriction for weight
(p = 0.0004), emotional feeding (p = 0.02) and the interaction was almost significant for food
as a reward (p = 0.08). Thus, analyses were performed separately among girls and boys for
these feeding practices. As no significant interaction was found between child’s BMI-GRS
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and child’s sex (all p > 0.2), the associations between child’s BMI-GRS and parental feeding
practices were conducted on the whole sample.

For multivariable analyses, potential confounding factors included in the models were
identified from the literature and selected by using the Directed Acyclic Graphs method.
Then, models used to test the association between child’s BMI-GRS and parental feeding
practices were adjusted only for study center, whereas models used to test the associations
between infant’s appetite and parental feeding practices were adjusted for study center as
well as for maternal characteristics (age at delivery, primiparity, education level, household
income, smoking status during pregnancy) and child’s characteristics (birth weight, any
breastfeeding duration and age at complementary food introduction). Analyses conducted
on the whole sample were also adjusted for child’s sex.

2.7.2. Sensitivity Analyses

In the first sensitivity analysis, we excluded infants born before 37 gestational weeks
because parental feeding practices may differ for pre-term infants [46], which led to samples
of 1284 (n = 667 boys and n = 617 girls) for infant’s appetite analyses and 894 infants
for BMI-GRS analyses. For infant’s appetite analyses, a second sensitivity analysis was
performed by further adjusting on child’s WHO weight-for-length z-score at 2 years. In
the third sensitivity analysis, we considered 4-to-12-month appetite instead of the 4-to-
24-month summary variable, to test the potential influence of children’s current appetite.
In another sensitivity analysis, we considered 1-year appetite instead of the 4-to-24-month
summary variable, to test the stability of the main findings using a raw variable [6]. Another
sensitivity analysis involved a weighted BMI-GRS (in which risk alleles were weighted by
their reported effects size on adult BMI) [41,42] instead of the crude BMI-GRS.

We first conducted analyses on complete cases. Then, we used multiple imputations
to deal with missing data on exposure variables and potential confounders. Missing data
for child’s BMI-GRS were only imputed if maternal BMI-GRS was available. The number of
missing data ranged from 0% to 31.1% per variable (Supplementary Table S1). We assumed
that data were missing at random and generated five independent datasets with the
fully conditional specification method (MI procedure, FCS statement, NIMPUTE option),
and then calculated pooled effect estimates (SAS MIANALYSE procedure). Continuous
variables were imputed with predictive mean matching, and logistic regressions were
used for categorical variables. To generate significance testing of categorical variables,
the median of the p-values from the imputed data analyses in each dataset was used, as
proposed by Eekhout et al. [47].

Analyses were conducted with SAS v9.4 (SAS Institute, Cary, NC, USA). p < 0.05 was
considered statistically significant.

3. Results

Infants included in and excluded from the present study were similar concerning
child’s sex, birth weight and gestational age. However, infants included were breastfed
longer and were born to older mothers, with lower BMI, higher education level, higher
household income, higher rate of primiparity and lower rate of smoking during pregnancy
than those excluded. The maternal and child’s characteristics of the study population,
parental feeding practices and infant’s appetite are summarized in Tables 1 and 2.

165



Nutrients 2021, 13, 1468

Table 1. Characteristics of the study population (n = 1358).

% (n), Mean (SD) or Median (Q1–Q3)

Maternal Characteristics
Center

Poitiers 46.8% (636)
Nancy 53.2% (722)

Age at delivery (years) 29.9 (4.7)
Primiparous 47.2% (641)
Education level

<High school diploma 23.1% (314)
High school diploma 17.7% (240)
2 years university degree 23.2% (315)
5 years university degree 36.0% (489)

Household income (€/month)
≤1500 12.6% (171)
1501–2300 29.2% (397)
2301–3000 28.1% (382)
>3000 30.0% (408)

Smoker status during pregnancy 22.0% (299)
BMI before pregnancy (kg/m2) 23.1 (4.4)

Parental Feeding Practices a

Restriction for health 3.4 (1.0)
Restriction for weight 1.7 (0.6)
Pressure to eat 2.3 (0.8)
Food as a reward 1.33 (1.00–1.66)
Emotional feeding 1.33 (1.00–1.66)

Child Characteristics
Boys 52.1% (707)
Birth weight (kg) 3.3 (0.5)
Gestational age (weeks) 39.2 (1.7)
Pre-term birth (<37 weeks) 5.4% (74)
Any breastfeeding duration, months

<1 33.3% (452)
1 to <4 31.0% (421)
≥4 35.7% (485)

BMI genetic risk score (0–32 score) 13.7 (2.5)
WHO weight for length z-score at 2 years 0.2 (1.7)

BMI, body mass index. a Parental feeding practices were assessed using the Comprehensive Feeding Practices
Questionnaire [43] at the 2-year follow-up. Each studied parental feeding practice is associated to a score between
1 and 5. Scores of coercive parental feeding practices (restriction for health, restriction for weight and pressure
to eat) were studied as continuous variables. Because scores of parental feeding practices of using food for
non-nutritional purposes (as a reward or to regulate child’s emotions) were not normally distributed and those
transformations did not help to reach normality, these scores were studied as binary variables, according to
the median.

Table 2. Description of infant’s appetite from 4 to 24 months.

4 Months 8 Months 12 Months 24 Months

Infant appetite
Needs to be stimulated 2.7% (36) 2.7% (36) 4.8% (62) 6.6% (90)
Normal appetite 93.4% (1239) 95.2% (1252) 92.0% (1188) 88% (1194)
Always hungry 3.9% (52) 2.1% (27) 3.3% (42) 5.4% (73)

4-to-24-month appetite
Low appetite 11.1% (151)
Normal appetite 77.7% (1055)
High appetite 11.2% (152)

Data are % (n). 4-to-24-month appetite is an indicator of infant’s appetite. Infants were classified in the low
appetite category when parents reported a low appetite at least once up to 24 months and never reported a high
appetite during this period. Infants were classified in the high appetite category when parents reported a high
appetite at least once up to 24 months and never reported a low appetite during this period. All other infants
were classified in the normal-appetite category.

166



Nutrients 2021, 13, 1468

3.1. Infant’s Appetite and Parental Feeding Practices at 2 Years

In the main adjusted analyses, 4-to-24-month appetite was positively associated to
parental restriction for weight among girls (linear trend p < 0.001) and boys (linear trend
p = 0.03) at 2 years (Table 3). Among girls only, 4-to-24-month appetite was positively associ-
ated to parental restriction for health (linear trend p < 0.001) (Table 3) and to parental use of
food as a reward (linear trend p = 0.002) at 2 years (Supplementary Table S2). Moreover, low
compared to normal 4-to-24-month infant’s appetite was related to higher parental pressure
to eat (β [95% CI] = 0.15 [0.01; 0.28]) and high 4-to-24-month infant’s appetite was related
to higher parental pressure to eat (β [95% CI] = 0.14 [0.00; 0.28]) at 2 years (Table 3). Among
boys only, low compared to normal 4-to-24-month appetite was related to higher use of food
as a reward (OR [95% CI] = 2.69 [1.50; 4.81]) and high 4-to-24-month appetite was related to
higher use of food as a reward (OR [95% CI] = 1.58 [1.01; 2.49]) (Supplementary Table S2)
and to regulate the child’s emotions (OR [95% CI] = 2.24 [1.36; 3.68]) at 2 years (Table 4).

Sensitivity analyses (Tables 3 and 4, Supplementary Table S2) revealed similar results
after excluding infants born before 37 gestational weeks. Findings were similar after
further adjustment on child’s 2-year WHO weight-for-length z-score. When considering
4-to-12-month appetite instead of 4-to-24-month appetite, the main finding remained
unchanged, but the associations between infant’s appetite and parental pressure to eat
were no longer significant. Moreover, among boys, for parental use of food as a reward,
the association with low appetite was weakened and became non-significant, but the same
tendency was observed. After multiple imputations, similar results were found, except
concerning use of food as a reward: among boys, the association with high 4-to-24-month
appetite was weakened and no more significant. When we assessed the association between
appetite at 1 year and parental feeding practices at 2 years, low 1-year appetite was related
to lower parental restriction for health among girls, and lower parental restriction for
weight among boys, whereas high 1-year appetite was only related to higher restriction for
weight among girls (Supplementary Tables S4 and S5).
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Table 4. Association between infant’s appetite (reference = normal appetite) and parental feeding
practices of using food to regulate child’s emotions.

Emotional Feeding
(Ref = Normal)

Boys Girls
High p High p

Unadjusted Model
4-to-24-month appetite 0.002 0.5

N 707 651
Low appetite 1.47 [0.85; 2.53] 0.79 [0.51; 1.25]
Normal appetite 1 [Ref] 1 [Ref]
High appetite 2.29 [1.41; 3.72] 1.20 [0.68; 2.11]

Main analyses *
4-to-24-month appetite 0.004 0.5

N 707 651
Low appetite 1.48 [0.85; 2.58] 0.79 [0.50; 1.27]
Normal appetite 1 [Ref] 1 [Ref]
High appetite 2.24 [1.36; 3.68] 1.13 [0.63; 2.02]

Sensitivity analyses *
4-to-24-month appetite,
without children born
preterm

0.006 0.7

N 667 617
Low appetite 1.49 [0.84; 2.64] 0.82 [0.50; 1.35]
Normal appetite 1 [Ref] 1 [Ref]
High appetite 2.26 [1.33; 3.85] 1.05 [0.58; 1.89]

4-to-24-month appetite,
further adjusted for
WHO
weight-for-length
z-score

0.005 0.7

N 707 651
Low appetite 1.54 [0.88; 2.72] 0.83 [0.52; 1.35]
Normal appetite 1 [Ref] 1 [Ref]
High appetite 2.16 [1.31; 3.57] 1.06 [0.59; 1.91]

4-to-12-month appetite 0.02 0.5
N 707 651
Low appetite 1.40 [0.66; 2.95] 0.79 [0.46; 1.35]
Normal appetite 1 [Ref] 1 [Ref]
High appetite 2.32 [1.28; 4.22] 1.29 [0.61; 2.71]

4-to-24-month appetite,
multiple imputation 0.006 0.5

N 729 671
Low appetite 1.04 [0.70; 1.53] 0.81 [0.58; 1.14]
Normal appetite 1 [Ref] 1 [Ref]
High appetite 1.41 [0.99; 2.01] 1.14 [0.77; 1.69]

One model per exposition variable. Data are odds ratios [95% confidence intervals]. * Logistic regression analyses
adjusted for a study center, maternal age at delivery, primiparity, maternal education level, household income,
smoking status during pregnancy, birth weight, gestational age, prematurity and any breastfeeding duration. The
interaction between child’s sex and infant’s appetite was tested for each parental feeding practices and conducted
to a stratification on child’s sex for emotional feeding (p for interaction = 0.02).

3.2. Child’s BMI-GRS and Parental Feeding Practices at 2 Years

Child’s BMI-GRS was not related to any of the five parental feeding practices tested
in our main analyses. Similar results were found in sensitivity analyses (Tables 5 and 6,
Supplementary Table S3).
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Table 5. Associations between child’s genetic susceptibility to obesity and coercive feeding practices.

Restriction for Health Restriction for Weight Pressure to Eat

β [95% CI] p β [95% CI] p β [95% CI] p

Unadjusted model
Child BMI-GRS, per risk allele (n = 932) −0.01 [−0.03; 0.02] 0.6 0.01 [−0.01; 0.02] 0.3 0.01 [−0.01; 0.03] 0.3

Main analyses *
Child BMI-GRS, per risk allele (n = 932) −0.01 [−0.03; 0.02] 0.7 0.01 [−0.01; 0.02] 0.3 0.01 [−0.01; 0.03] 0.3

Sensitivity analyses *
Child weighted BMI-GRS, per risk allele
(n = 932) −0.01 [−0.03; 0.01] 0.5 0.01 [−0.01; 0.02] 0.4 0.01 [−0.01; 0.02] 0.6

Child BMI-GRS without children born
preterm, per risk allele (n = 894) −0.01 [−0.03; 0.02] 0.7 0.01 [−0.01; 0.03] 0.2 0.01 [−0.01; 0.03] 0.4

Child BMI-GRS, per risk allele, after
multiple imputation (n = 1342) a 0.00 [−0.03; 0.02] 0.7 0.01 [−0.01; 0.02] 0.3 0.02 [0.00; 0.03] 0.08

One model per exposition variable. Data are β [95% confidence intervals]. * Linear regression analyses adjusted for study center. BMI-GRS,
genetic risk score of body mass index. a Missing data for child’s BMI-GRS were only imputed if maternal BMI-GRS was available.

Table 6. Associations between child’s genetic susceptibility to obesity and parental feeding practices
of using food for non-nutritional purposes.

Emotional Feeding

OR [95% CI] p

Unadjusted model
Child BMI-GRS, per risk allele (n = 932) 1.00 [0.95; 1.05] 1

Main analyses *
Child BMI-GRS, per risk allele (n = 932) 1.00 [0.95; 1.05] 0.9

Sensitivity analyses *
Child weighted BMI-GRS, per risk allele (n = 932) 1.01 [0.97; 1.06] 0.6
Child BMI-GRS without children born preterm, per risk allele (n = 894) 1.01 [0.95; 1.06] 0.8
Child BMI-GRS, per risk allele, after multiple imputation (n = 1342) a 1.00 [0.95; 1.04] 0.9

One model per exposition variable. Data are odds ratios [95% confidence intervals]. * Logistic regression analyses
adjusted for study center. BMI-GRS, genetic risk score of body mass index. a Missing data for child’s BMI-GRS
were only imputed if maternal BMI-GRS was available.

4. Discussion

In our study, children’s genetic susceptibility to obesity was not associated with any
parental feeding practices at 2 years, whereas perceived infant’s appetite was associated
with several parental feeding practices at 2 years and differed among child’s sex. In-
fant’s appetite was positively related to restrictive feeding practices, but associations were
stronger among girls than among boys. Moreover, high appetite was related to higher
parental use of food to regulate child’s emotions in boys but not in girls. Both low and high
infant’s appetite were also associated to higher parental pressure to eat.

During the first year of life, infants have the ability to self-regulate their food in-
take based on their satiety and hunger cues. Experimental studies have shown that
some coercive feeding practices such as parental restriction or pressure to eat may have a
counterproductive effect because limiting access to some foods may increase the child’s
attraction to the restricted foods [48] or have a negative impact on the child’s food intake
self-regulation [49], and parental pressure to eat may enhance food dislikes [26]. Moreover,
restrictive parental feeding practices are often considered to lead to overweight and obesity
issues in later life, as summarized in literature reviews [33].

More recent studies suggested that the associations between children’s BMI and
parental feeding practices are bi-directional [30,32,35,50,51]. Longitudinal studies found
that parental restrictive practices are developed in reaction to higher BMI in children,
whereas parental pressure to eat develops in reaction to lower BMI in children [30,32–35],
and the influence of children’s BMI on parental feeding practices appeared more important
than the influence of parental feeding practices on children’s weight gain [30,32,34,35].
Then, parents may adapt their feeding practices on their perception of the child’s weight
status. Nevertheless, most of these studies were based on preschool or school-aged chil-
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dren, and none directly assessed a child’s genetic susceptibility to obesity. In a previous
recent study of 10-year-old children from the Twins Early Development Study, higher
genetic susceptibility to obesity was associated to higher use of parental restrictive feeding
practices and lower use of parental pressure to eat [52]. In the present study, children’s
genetic susceptibility was not related to parental feeding practices assessed in toddlerhood.
This finding may be due to the BMI-GRS not being related to children’s BMI before age
3 years [42] and then parents not being aware of an increased risk of overweight/obesity
for their child. However, we recently highlighted that infant’s appetite may be considered a
mediating factor between children’s genetic susceptibility to obesity and children’s BMI [6].
Then, we hypothesized that infant’s appetite could be considered an indicator of children’s
obesity risk, more apparent to parents during this early life period. Because an association
between child’s BMI-GRS and infant’s appetite appears at an earlier age (age 1 year) [6]
than an association between child’s BMI-GRS and child’s BMI (at age 3 years) [42], child’s
weight status was not considered in the main analyses. However, in sensitivity analyses,
findings were similar after further adjustment on child’s 2-year WHO weight-for-length
z-score.

In the present longitudinal study, several associations were highlighted between in-
fant’s appetite and parental feeding practices, some of them depending on child’s sex. This
information may be of great importance because parental feeding practices, and children’s
appetitive traits appear to be established during the first 2 years of life [31]. Moreover, the
early development of unhealthy eating patterns and high BMI in childhood, found to be
associated with the score of genetic susceptibility to obesity, could have causal long-term
implications on BMI in adulthood [53]. To our knowledge, no study had examined the
moderating effect of child’s sex on associations between infant’s appetite and parental
feeding practices in toddlerhood. In the present study, we found positive associations
between infant’s appetite and parental restriction for weight among boys and girls, sup-
porting the hypothesis that parents are more restrictive with a child perceived as having an
important appetite or who is food responsive [54]. We also highlighted that the associations
between infant’s appetite and restrictive feeding practices were stronger among girls than
among boys, supporting the hypothesis that parents are more likely to be concerned about
the weight status of their daughter compared to son [55]. According to literature on the
differences of child’s sex on associations between maternal feeding practices and child’s
weight status, these results could be explained with societal expectations dealing with
child’s weight status: girls should be slim whereas boys are perceived as sturdier if they are
larger [18]. As in a previous recent US study including 139 parent-child dyads, high infant’s
appetite was related to higher use of pressure to eat in some of our analyses, probably
because of parental willingness to increase children’s intake of “healthy foods”, such as
fruits and vegetables [56]. We also found that low infant’s appetite was associated with
higher use of pressure to eat, suggesting parental willingness to increase their infant’s food
intakes if the infant was perceived as having low appetite. Increasing evidence shows a
prospective association between parental use of food for non-nutritional purposes in child-
hood (i.e., as a reward or to manage children’s emotions) and negative impacts on eating
behavior and BMI in later life [50,57–59]. However, to our knowledge, few studies are
available on the influence of children’s appetite on parental use of food for non-nutritional
purposes (i.e., using food as a reward or to manage infant’s emotions), with inconsistent
results. In fact, some studies found no association between children’s eating behavior
and parental use of food for non-nutritional purposes (as a reward or to regulate child’s
emotions) [31,57], whereas children’s overeating was found positively associated with
using food as a reward [50,59]. This last result is consistent with the associations found
among boys, between high infant’s appetite and parental use of food to manage infant’s
emotions and with the positive association among girls between infant’s appetite and using
food as a reward. Our results suggest that parents use these feeding practices to reward or
to calm their child if the infant shows interest in food.
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The mothers of the EDEN mother-child cohort have higher socio-economic position
and a higher education level than the French population [39], so further studies are needed
to assess the validity of our results among lower socio-economic populations. Even though
the CFPQ was validated among French children [44], in the present study, parental use of
food as a reward had a low Cronbach’s α, limiting the interpretation of the results. More-
over, in the current study, only a specific set of feeding practices were considered: coercive
feeding practices and use of food for non-nutritional purposes. Future studies should
consider other feeding practices or dimensions of Infant Young Child Feeding, such as
breastfeeding and complementary food introduction, to test the potential bi-directional as-
sociation with infant’s appetite. Infant’s appetite was assessed prospectively from 4 months
to 24 months, thus limiting memory bias. If infant’s appetite was assessed by a single item
up to 24 months and not a validated scale, due to the absence of a validated questionnaire
at the launch of the EDEN mother-child cohort, a similar item was used in previous stud-
ies [10], and associations between appetite and growth were similar with this item and
with a validated scale [6]. Furthermore, this item reflects maternal perception of infant’s
appetite, and further studies are needed to examine maternal ability to read child’s feeding
cues and responsive feeding. Moreover, data on infant’s self-perceived regulation were
not available in the current study, notably due to the absence of validated questionnaire to
assess infant’s self-regulation at the beginning of the EDEN mother-child cohort. Future
longitudinal studies should assess the associations between infant’s self-regulation or
children’s self-perceived appetite and parental feeding practices.

5. Conclusions

In this birth cohort, a BMI-GRS representing children’s genetic susceptibility to obesity
was not related to parental feeding practices in toddlerhood. However, in the present
study, the associations between infant’s appetite and parental feeding practices were
moderated by child’s sex. These results highlighted the need to reinforce parental education
concerning feeding practices. Moreover, our results suggest that restriction for weight
could be a response to infant’s hungrier appetite among boys and girls. Given the reported
moderating effect of restriction on the association between genetic risk of obesity and BMI
in adulthood [60], future studies should examine whether restrictive feeding practices in
toddlerhood may modulate the association between genetic susceptibility to obesity and
BMI later in childhood.
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Abstract: We set up a series of school-based interventions on the basis of an ecological model tar-
geting sugar-sweetened beverage (SSB) reduction in Chinese elementary and middle schools and
evaluated the effects. A total of 1046 students from Chinese elementary and middle schools were
randomly recruited in an intervention group, as were 1156 counterparts in a control group. The
interventions were conducted in the intervention schools for one year. The participants were orally
instructed to answer all the questionnaires by themselves at baseline and after intervention. The
difference in difference statistical approach was used to identify the effects exclusively attributable to
the interventions. There were differences in grade composition and no difference in sex distribution
between the intervention and control groups. After adjusting for age, sex, and group differences at
baseline, a significant reduction in SSB intake was found in the intervention group post intervention,
with a decrease of 35.0 mL/day (p = 0.034). Additionally, the frequency of SSB consumption decreased
by 0.2 times/day (p = 0.071). The students in the elementary schools with interventions significantly
reduced their SSB intake by 61.6 mL/day (p = 0.002) and their frequency of SSB consumption by
0.3 times/day (p = 0.017) after the intervention. The boys in the intervention group had an interven-
tion effect of a 50.2 mL/day reduction in their SSB intake (p = 0.036). School-based interventions
were effective in reducing SSB consumption, especially among younger ones. The boys were more
responsive to the interventions than the girls. (ChiCTR, ChiCTR1900020781.)

Keywords: sugar-sweetened beverage; school-based; intervention; ecological model; difference in
difference approach

1. Introduction

Each year, sugar-sweetened beverage (SSB) intake is related to the loss of about
8.5 million disability-adjusted life years (DALYs), and three quarters of this burden occurs
in low- and middle-income countries [1]. SSBs were defined as nonalcoholic beverages
sweetened by sugar, such as carbonated beverages, sugar-sweetened fruit or vegetable
juice beverages, etc. The frequent consumption of excess amounts of SSBs is a risk factor
for obesity [2], type 2 diabetes [3], cardiovascular disease [4], and dental caries [5]. The

Nutrients 2021, 13, 1862. https://doi.org/10.3390/nu13061862 https://www.mdpi.com/journal/nutrients177



Nutrients 2021, 13, 1862

potential pathophysiology of SSB consumption explained the unfavorable health outcomes
linked to SSBs. SSBs contain energy but no micro- and macronutrients, except glucose
and fructose. Excessive glucose intake is known for causing adverse glycemic effects on
metabolism [6], and fructose can be converted into fat, unfettered by the cellular controls
that prevent unrestrained lipid synthesis from glucose [7]. The adverse health outcomes
linked to SSBs occur in both adults and children [8,9]. Behavioral factors such as diet
linked to mortality causes are preventable and both shape and are shaped by the social
environment [10]. Studies have shown that interventions can achieve favorable results in
reducing SSB intake in children but not in adults [11]. It is possible that interventions might
have effects on individuals who were before or at their behavioral development period
rather than those already forming behavioral models.

Comprehensive school-based program achieved some changes on dietary intakes
of students [12,13]. School-based interventions aiming at decreasing SSB consumption
have shown promising results in previous Western studies [14]. More than half of the
children and adolescents in China consumed SSB, and the increasing consumption of SSBs
has created the obvious threat of obesity among Chinese children and adolescents [15,16].
However, there has been no study reporting evaluations of school-based interventions
tackling SSB reduction in China. Considering the different environmental and cultural
backgrounds compared to Western countries, we set up a series of school-based interven-
tions on the basis of an ecological model targeting SSB reduction in Chinese elementary
and middle schools and evaluated the effects on SSB reduction among Chinese children
and adolescents.

2. Materials and Methods

2.1. Study Population

We adopted epidemiological methods to establish a parallel control group intervention
experiment for one year, from February 2019 to January 2020, in Shanghai, China. Three
elementary schools and two middle schools were randomly recruited into the intervention
group, and the same number of adjacent counterparts into the control group. Students in
the 3rd and 4th grades from the selected elementary schools and the 6th and 7th grades
from the selected middle schools were enrolled into the intervention or control group
according to their school’s allocation. The participants were not informed of which group
they were assigned.

The theoretical minimum sample size was 1051 for the intervention and control
groups, respectively, following the formula of sample size calculation for experiments with
comparisons between two different groups:

n = [(Zα/2 + Zβ)S/δ]2

We set α = 0.05 and β = 0.10. S represented standard deviation of SSB intake, andδ
represented allowance error.

We decided to select 220 students in each grade of a school and a total of 1100 students
in both the intervention and control groups. After enrollment, 1082 and 1259 students were in
the intervention and control groups, respectively. By eliminating the students lost to follow up,
there were 1046 in the intervention group and 1156 in the control group (Figure 1).
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Figure 1. Flow chart of subjects throughout the research.

This study was approved by the Shanghai Municipal Center for Disease Control on
17 May 2017 (No. 2017-18). Informed consent was obtained from each participant or the
participant’s parents or guardian before the research. The study complied with the code of
ethics of the World Medical Association (Declaration of Helsinki). This intervention study
was registered at the Chinese Clinical Trial Registry (http://www.chictr.org.cn, accessed
on 7 April 2021) with the registration number of ChiCTR1900020781 (http://www.chictr.
org.cn/showproj.aspx?proj=35002, accessed on 19 January 2019).

2.2. SSB Intake, Frequency, and Knowledge Assessment

The investigators were public health doctors in local community health centers and re-
ceived a standard training course on the facilitation of the questionnaires. The participants
were orally instructed to answer all the questionnaires by themselves. The investigators
verified the answers after each questionnaire was completed.

The information collected at the baseline and post one-year intervention were both
at the interval between January to February, just before and after the complete one-year
intervention period.
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A general questionnaire was used to obtain demographic information and SSB-related
knowledge. There were six questions related to SSB consumption and health which were
used to assess the SSB-related knowledge of the participants. The participant received one
point if they gave the right answer. A full score was six. The six questions were as follows:

A. I am not going to get fat if I consume SSBs frequently.
B. SSBs contain many nutrients.
C. SSBs are the best choice for quenching my thirst.
D. I should not have even one sip of an SSB.
E. SSBs bring the body extra energy because the sugar in it can be easily absorbed but

they hardly make one feel full.
F. SSBs have empty energy that will not pose a threat to health.

An SSB frequency questionnaire was administrated to collect information on SSB
intake and frequency in the past 3 months. This questionnaire originated from a former
food frequency questionnaire that was developed and validated by the China Center for
Disease and Control and Prevention [17]. SSBs were defined as nonalcoholic beverages
sweetened by sugar, excluding fresh juice, categorized as carbonated beverages, sugar-
sweetened fruit or vegetable juice beverages, protein-based beverages, probiotic beverages,
milk-based beverages, bottled tea beverages, coffee drink, and typical Southeast Asian
milky tea (a popular SSB in China). According to each SSB category, SSB consumption
frequency was listed in terms of consumption times per day, week, month, or year, and the
amount consumed each time was recorded.

The survey was conducted in the pre- and post-intervention periods using the same
questionnaires. No disastrous events such as rain or snow disasters that would have
affected the normal food supply took place during the research period. The weather was
typical of the marine climate in Shanghai, China.

2.3. Interventions

The interventions were designed using the structures of an ecological model target-
ing individuals and their environment, including multiple levels of influence [18]. The
interventions were conducted for one year by the teachers in the intervention schools with
the collaboration of public health doctors in local community health centers. The control
schools had no intervening events. All the participating schools followed the city-wide
education schedule during the intervention period.

a. Individual level

� Hold “restricting SSBs”-themed class meeting every semester (twice a year)
and praise students with outstanding health behaviors (the themed class
meeting was designed to provide SSB-related knowledge regarding the six
questions about SSB-related knowledge in the questionnaire).

� Distribute SSB-related knowledge materials every semester (twice a year).
� Record one’s own SSB behaviors once per week.

b. Family level

� Establish WeChat (the most popular social communication application in
China) groups for parents and publish new media promotional materials
once a month.

c. Peer level

� Distribute promotional cards to students every semester (twice a year; the
cards showed cartoon figures and information regarding the six questions on
SSB-related knowledge in the questionnaire, as well as mottos and goals for
the new semester).

d. School level

� Carry out a blackboard painting activity with the theme of “understanding
SSBs” every semester (twice a year).
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� Forbid selling SSBs on campus during the intervention.

e. Community level

� Negotiate with stores near the gates of schools not to sell SSBs to students.

2.4. Statistical Analyses

Statistical analyses were conducted using the SAS statistical software (v. 9.4; SAS
Institute, Cary, NC, USA). The comparisons were conducted between the participants in
the same level of different schools, different groups and pre and post intervention. T tests
were applied to determine the differences between the intervention and control groups
pre and post intervention. The difference in difference (DID) statistical approach was used
to identify the net effects exclusively attributable to the interventions in this study [19].
The DID approach was designed for quasi-experimental research studying causal relation-
ships in public health settings where randomized controlled trials (RCTs) are infeasible or
unethical. In the current analysis of DID, an interactive item of the variate representing
group classification and a variate representing pre- or post-intervention classification was
included in the multivariate general linear regression models, representing the intervention
effect. Age, sex, and the variates mentioned above were included in the same models as
covariates. A two-sided p < 0.05 was considered to indicate statistical significance.

3. Results

3.1. Characteristics of the Participants

At baseline, 1082 subjects were recruited in the intervention group and 1259 subjects
in the control group. At one-year follow-up, 1046 remained in the intervention group and
1156 in the control group. The retention rates were 96.7% and 91.8% in the intervention and
control groups, respectively. Differences in sex distribution were not observed between
the two groups either pre or post intervention. The differences in grade composition were
significant between the groups both pre and post intervention (Table 1).

Table 1. Characteristics of the participants pre and post intervention (%).

Pre-Intervention Post-Intervention

Intervention
Group

Control Group p Intervention
Group

Control Group p

n 1082 1259 1046 1156
Sex

Boys 51.1 52.0 0.658 51.5 51.6 0.840
Girls 48.9 48.0 48.5 48.4

Grade at baseline
3 (9–10 yrs) 31.6 38.8 <0.001 31.6 38.7 <0.001
4 (10–11 yrs) 32.5 30.7 32.5 30.8
6 (12–13 yrs) 17.7 18.2 17.8 18.2
7 (13–14 yrs) 18.1 12.3 18.1 12.3

3.2. Differences in SSB Intake, Frequency, and Knowledge between the Groups pre and
Post Intervention

At baseline, the SSB intakes were 286.0 ± 266.5 mL/day and 286.0 ± 288.2 mL/day
in the intervention and control groups, respectively. The frequencies of SSB consumption
were 1.6 ± 1.6 times/day and 1.7 ± 1.9 times/day, respectively. The scores for SSB-related
knowledge were 4.3 ± 1.2 and 4.5 ± 1.0, respectively. There was no difference in the SSB
intake and frequency of SSB consumption between the two groups and their subgroups
(p > 0.05). The scores for SSB-related knowledge were significantly different between the
two groups (p < 0.001).

After the one-year intervention, the SSB intakes were 220.9 ± 262.3 mL/day and
254.4 ± 268.9 mL/day in the intervention and control groups, respectively. The frequencies
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of SSB consumption were 1.1 ± 1.5 times/day and 1.4 ± 1.7 times/day, respectively. The
scores for SSB-related knowledge were 4.4 ± 1.3 and 4.5 ± 1.1, respectively. Significant
differences existed in the SSB intake and the frequency of SSB consumption between groups
(p = 0.003, p < 0.001). The scores for SSB-related knowledge showed no statistical difference
between the groups (p = 0.060) (Table 2).

Table 2. The differences in SSB intake, frequency, and knowledge between the groups pre and post intervention.

Pre-Intervention Post-Intervention

Intervention
Group

Control
Group

p Intervention
Group

Control
Group

p

SSB intake, mL/day
All 286.0 ± 266.5 286.0 ± 288.2 1.000 220.9 ± 262.3 254.4 ± 268.9 0.003
Sex

Boys 297.0 ± 272.8 313.6 ± 299.5 0.334 226.2 ± 263.8 301.6 ± 290.3 <0.001
Girls 274.5 ± 259.5 257.2 ± 273.3 0.292 232.1 ± 263.5 227.9 ± 240.0 0.790

Grade at baseline
3 (9–10 yrs) 276.6 ± 280.1 266.4 ± 280.1 0.618 196.2 ± 272.0 229.3 ± 264.9 0.088
4 (10–11 yrs) 302.1 ± 258.5 277.9 ± 289.2 0.250 189.6 ± 231.9 245.0 ± 258.4 0.003
6 (12–13 yrs) 256.6 ± 246.3 291.9 ± 279.2 0.185 226.1 ± 231.9 299.0 ± 271.6 0.004
7 (13–14 yrs) 303.3 ± 274.9 361.1 ± 314.6 0.081 316.1 ± 301.3 315.7 ± 305.2 0.991

Frequency of SSB consumption, times/day
All 1.6 ± 1.6 1.7 ± 1.9 0.096 1.1 ± 1.5 1.4 ± 1.7 <0.001
Sex

Boys 1.6 ± 1.7 1.8 ± 1.9 0.060 1.1 ± 1.4 1.6 ± 1.8 <0.001
Girls 1.6 ± 1.6 1.6 ± 2.0 0.667 1.2 ± 1.5 1.4 ± 1.7 0.070

Grade at baseline
3 (9–10 yrs) 1.7 ± 1.8 1.7 ± 1.9 0.922 1.1 ± 1.6 1.5 ± 1.9 0.005
4 (10–11 yrs) 1.7 ± 1.6 1.8 ± 2.1 0.501 1.0 ± 1.4 1.4 ± 1.6 0.002
6 (12–13 yrs) 1.3 ± 1.4 1.7 ± 1.8 0.021 1.1 ± 1.3 1.3 ± 1.4 0.089
7 (13–14 yrs) 1.5 ± 1.6 1.6 ± 1.6 0.571 1.3 ± 1.5 1.7 ± 1.9 0.127

Score of SSB-related knowledge
All 4.3 ± 1.2 4.5 ± 1.0 <0.001 4.4 ± 1.3 4.5 ± 1.1 0.060
Sex

Boys 4.2 ± 1.2 4.4 ± 1.1 0.006 4.3 ± 1.3 4.4 ± 1.2 0.447
Girls 4.4 ± 1.2 4.6 ± 1.0 0.006 4.5 ± 1.2 4.6 ± 1.0 0.038

Grade at baseline
3 (9–10 yrs) 4.0 ± 1.3 4.3 ± 1.1 <0.001 4.4 ± 1.3 4.4 ± 1.1 0.582
4 (10–11 yrs) 4.3 ± 1.1 4.5 ± 1.0 0.016 4.2 ± 1.3 4.5 ± 1.1 0.004
6 (12–13 yrs) 4.7 ± 1.0 4.7 ± 1.0 0.851 4.5 ± 1.2 4.6 ± 1.1 0.421
7 (13–14 yrs) 4.6 ± 1.0 4.8 ± 0.9 0.137 4.5 ± 1.3 4.7 ± 1.2 0.146

SSB, sugar-sweetened beverage.

3.3. The Effects on SSB Intake, Frequency, and Knowledge Attributed to the Interventions

After adjusting for age, sex, and group differences at baseline, a significant reduction
in SSB intake which was exclusively attributed to the interventions was found in the inter-
vention group post intervention, with a decrease of 35.0 mL/day (p = 0.034). Additionally,
the frequency of SSB consumption decreased by 0.2 times/day, with a borderline signifi-
cance (p = 0.071), due to the intervention. No statistically significant effect was found in the
score for SSB-related knowledge after the intervention (p = 0.347).

After intervention, the participants in the elementary schools with the intervention
significantly reduced their SSB intake by 61.6 mL/day (p = 0.017) and their frequency of
SSB consumption by 0.3 time/day (p = 0.002), but no changes were observed in the SSB
intake and frequency of SSB consumption among those from middle schools with the
intervention (p = 0.945 and p = 0.978, respectively). The boys in the intervention group had
an intervention effect of a 50.2 mL/day reduction in SSB intake (p = 0.036), while the girls
presented no significant intervention effect in SSB intake (p = 0.403) (Table 3).
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Table 3. The effects attributable to the interventions on SSB intake, frequency, and knowledge after the one-year intervention a.

SSB Intake,
mL/day

Frequency of SSB
Consumption, times/day

Scores of SSB-Related
Knowledge

β p β p β p

All −35.0 0.034 −0.2 0.071 0.1 0.347
School-level

Primary school(Grade 3–4, 9–11 yrs) −61.6 0.002 −0.3 0.017 0.2 0.066
Middle school (Grade 3–4,12–14 yrs) 2.1 0.945 0.0 0.978 −0.1 0.545

Sex
Boys −50.2 0.036 −0.2 0.110 0.1 0.262
Girls −18.8 0.403 −0.1 0.335 0.0 0.888

a β represented the net change of the indicator attributable to the interventions only post intervention compared with that pre-intervention.

4. Discussion

In the current study, the one-year school-based interventions achieved favorable ef-
fects in reducing SSB consumption among Chinese children and adolescents. Regarding the
feasibility of the intervention implemented, each participant was not assigned randomly
into an intervention or control group. Actually, the participants were allocated indiscrim-
inately into interventions or control groups according to their school’s allocation in the
study. Moreover, other citywide health promotion events at the time or the underlying
natural growth of individuals might have affected their SSB consumption as well. All
these factors made it difficult to identify the effects exclusively attributed to the current
interventions. The DID approach provided an alternative means for us to study the net
effects on the SSB consumption changes which were exclusively attributable to the interven-
tions [19,20]. After adjusting for age, sex, and group differences at baseline, we discovered
a substantial scale of SSB reduction attributable to the interventions in this study. The
school stood out as one of the most common settings to improve health behaviors [21].
Previous studies indicated that Western school-based interventions were promising to
reduce SSB consumption [14]. Our results give more evidence regarding school-based
interventions in the setting of an Eastern culture and environment. The current results
also supported the theory that the ecological model helped to develop an environment
conducive to change, facilitating the adoption of healthy behaviors [22].

We found that the beneficial effects occurred among the younger children rather
than the adolescents in the current study. Both the amount and the frequency of SSB
consumption reduced after the one-year intervention, while SSB-related knowledge also
increased modestly among the younger children. However, there was no obvious change
in the amount and the frequency of SSB consumption and SSB-related knowledge among
the participants in the middle schools between pre- and post-intervention. These findings
coincided with previous studies showing that interventions focusing on SSB control are
more effective on younger children than older ones [23,24]. This also suggests that future
interventions or policies aiming at reducing SSBs should target younger children in order
to achieve more favorable cost-effective outcomes.

We observed that the consumption of SSBs decreased in the boy participants but not
in the girl participants. In the current study, the consumption of SSBs was discrepant at
baseline in that the boys consumed more SSBs than the girls no matter whether they were
in the intervention or control group. Boys had a higher preference for SSBs and consumed
more SSBs than girls in their daily lives [15,25,26]. This might explain the significant
effects on the boys after the intervention while there were hardly any effects on the girls
in our study. Furthermore, the prevalence of overweight and obesity is much higher in
boys than in girls in China [27]. The discrepancies between boys and girls in terms of
intervention effects should be taken into consideration when conceiving obesity control
strategies among children and adolescents.

In this study, we failed to discover enough evidence of improvement in SSB-related
knowledge among our participants through the interventions. Only a modest increase
in knowledge score that was of borderline significance (p = 0.066) occurred among the
participants in the elementary schools with the intervention. In the current interventions,
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we provided SSB-related knowledge through routine school activities to the students and
electronic messages to their parents, which aimed to set up supportive environments for
SSB restriction. Previous studies showed that knowledge was not associated with SSB
behaviors among children [28]. Other factors such as parental health behavior might
determine SSB consumption among children [29,30]. Parental modelling was more crucial
to children’s behavioral development [31]. These might be the reasons why the behavior of
SSB consumption changed but the SSB-related knowledge remained unimproved among
the participants after the intervention in our study.

A limitation of this study was the methodology used to assess SSB intake and fre-
quency. We designed an SSB consumption questionnaire to obtain SSB intake and frequency,
which were self-reported by the participants, thus the data on SSB intake and frequency
were limited by the accuracy of participants’ estimation and recall. Furthermore, although
we adjusted for potential confounding factors, we did not treat dietary intake as one of the
confounders under the limitation of data collection. This might have caused bias in the
current results. Besides this, the investigators were not blinded to the allocation of schools
as intervention and control. This awareness of the investigators might have caused data
collection bias. Finally, it was possible that some of the six questions used to assess the
SSB-related knowledge were beyond the understanding of the students, which might have
influenced our assessment of the SSB-related knowledge change.

5. Conclusions

School-based interventions designed in an ecological model were effective in the
reduction in SSB consumption among Chinese children and adolescents, especially among
younger children. The boys were more responsive to the interventions than the girls.
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Abstract: The benefits of breastfeeding (BF) include risk reduction of later overweight and obesity.
We aimed to analyse the association between breastfeeding practices and overweight/obesity among
preschool children participating in the ToyBox study. Data from children in the six countries,
participating in the ToyBox-study (Belgium, Bulgaria, Germany, Greece, Poland, and Spain) 7554
children/families and their age is 3.5–5.5 years, 51.9% were boys collected cross-sectionally in 2012.
The questionnaires included parents’ self-reported data on their weight, height, socio-demographic
status, and infant feeding practices. Measurements of preschool children’s weight and height were
done by trained researchers using standard protocols and equipment. The ever breastfeeding rate in
the total sample was 85.0% (n = 5777). Only 6.3% (n = 428) of the children from the general sample
were exclusively breastfed (EBF) for the duration of the first six months. EBF for four to six months
was significantly (p < 0.001) less likely among mothers with formal education < 12 years (adjusted
Odds Ratio (OR) = 0.61; 95% Confidence interval (CI) 0.44–0.85), smoking throughout pregnancy
(adjusted OR = 0.39; 95% CI 0.24–0.62), overweight before pregnancy (adjusted OR = 0.67; 95%CI
0.47–0.95) and ≤25 years old. The median duration of any breastfeeding was five months. The
prevalence of exclusive formula feeding during the first five months in the general sample was about
12% (n = 830). The prevalence of overweight and obesity at preschool age was 8.0% (n = 542) and 2.8%
(n = 190), respectively. The study did not identify any significant association between breastfeeding
practices and obesity in childhood when adjusted for relevant confounding factors (p > 0.05). It
is likely that sociodemographic and lifestyle factors associated with breastfeeding practices may
have an impact on childhood obesity. The identified lower than desirable rates and duration of
breastfeeding practices should prompt enhanced efforts for effective promotion, protection, and
support of breastfeeding across Europe, and in particular in regions with low BF rates.

Keywords: breastfeeding; preschoolers; overweight; obesity
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1. Introduction

Optimal nutrition during the first years of life is important to promote healthy growth
and development of children. Inappropriate nutrition augments the risk of illness and
childhood obesity. Obesity is an escalating public health problem worldwide, with an
expected prevalence of 9.1% among preschoolers in 2020 [1,2] and an estimated 70 million
overweight or obese children and adolescents by 2025, the majority living in low- and
middle-income countries [3]. According to the criteria of the International Obesity Task
Force (IOTF), about 17.9% of European children aged 2–7 years were identified with
overweight or obesity in the recently published systematic review, including 32 studies
(n = 197,755 children) from 27 European countries [4]. Currently available options for
treating overweight and obese children are less than satisfactory, therefore implementation
of effective preventive measures, including promotion of optimal feeding from early on, is
of utmost importance [5].

Breastfeeding is considered as a “golden standard”, the best nutrition for infants,
and is associated with numerous short- and long-term health benefits, such as higher
cognitive development scores and reduced risk of gastro-intestinal infections, otitis media,
atopic dermatitis, and asthma, as well as later non-communicable diseases in adults such
as type 2 diabetes and obesity [6–11]. It has been proposed that about one million cases
of childhood obesity per year may be prevented by recommended breastfeeding (BF)
practices [12]. The reported advantages of exclusive breastfeeding (EBF) compared to
partial breastfeeding have led to the World Health Organization (WHO) global public
health recommending exclusive breastfeeding for six months and continued breastfeeding
for ≥two years with complementary foods introduced [13]. The protective role of BF against
overweight and obesity was first reported in a large cross-sectional study in 1999 [14]
and has since been replicated in many studies around the world [11,15–17]. Potential
mechanisms underpinning this association are differences in the composition of human
milk and breast milk substitutes and their impact on infant hormonal and metabolic
response and growth characteristics. Behavioural differences and associated confounders
such as mother’s body mass index (BMI), education, and tobacco use in pregnancy have
also been discussed [18–24]. We analysed the association between breastfeeding and obesity
among school children, with adjustment for important potential confounders relevant to
overweight and obesity among the large European sample of schoolchildren participating
in the ToyBox Study.

2. Materials and Methods

The ToyBox study (Available online: www.toybox-study.eu (accessed on 21 June 2021)
adhered to the Declaration of Helsinki and the conventions of the Council of Europe on
human rights and biomedicine. All participating countries obtained ethical clearance from
the respective ethical committees and local authorities, and all parents/caregivers provided
a signed consent form before being enrolled in the study.

Data was collected between May and June 2012 using the primary caregivers’ question-
naire, which was filled in by parents/caregivers of preschoolers in six European countries
(Belgium, Bulgaria, Germany, Greece, Poland, and Spain). Parents/caregivers of preschool-
ers born between January 2007 and December 2008 who attended the randomly selected
kindergartens within the provinces of Oost-Vlaanderen and West-Vlaanderen (Belgium),
Varna (Bulgaria), Bavaria (Germany), Attica (Greece), Mazowieckie (Poland), and Zaragoza
(Spain) were grouped in three socioeconomic levels and invited to participate in ToyBox
study. The necessary information about the ToyBox study was presented previously [25].
A standardized self-administered questionnaire for primary caregivers’ was used to deter-
mine the perinatal data of preschoolers (comprising of anthropometric measurements at
birth and breastfeeding practices during the first year of life), as well as participating fami-
lies’ socio-demographic characteristics. Questions about the nutrition of children during the
first 12 months of life were targeted on identifying the presence/absence of breastfeeding
each month after birth and when water, tea, juice, formula milk, and solid/semi-solid foods
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were included. In order to minimize recall bias, the guidance to the parents/caregivers
was to refer to the children’s medical records for the questions in the perinatal section.
As a result, the test–retest reliability study showed an excellent value of ICC (intra-class
correlation coefficient)—0.75 for this section of the questionnaire. The socio-demographic
characteristics were previously found to have very high reliability (i.e., all ICCs ≥ 0.937),
while the reliability of the questions on parental weight and height spread from moderate
to very high (i.e., ICC ranged from 0.489 to 0.911) [26]. Other papers [27,28] presented
the data collected using validated questionnaires as well as the corresponding results
about health-related behaviors (dietary habits, physical activity, and sedentary behavior)
of preschoolers and their parents.

Mothers’ years of education were used as stratification criteria for the socioeconomic
status (SES) of the families by categorizing it as low (≤12 years), medium (13–16 years),
and high (≥16 years of education).

Preterm birth was defined as <37 gestational weeks, and full-term birth as ≥37 gesta-
tional weeks. Questions on breastfeeding status were based on definitions according to
the WHO indicators [29]. Exclusive breastfeeding was defined as BF with no other food or
liquid given, except drops and syrups (vitamins, minerals, medicines). Breastfeeding with
an additional supply of water or water-based liquids, such as fruit juice, tea, or syrups, was
considered predominant breastfeeding. Full BF refers to either exclusive or predominant
breastfeeding. The inclusion of other milk and foods (formula milk, and/or semi-solids)
was considered partial breastfeeding. Ever breastfeeding rate is the proportion of infants
less than 12 months who were ever breastfed. The “later stage BF initiation” was defined
as starting of BF at any time but not from birth.

According to the study protocol, the questionnaires with more than 75% of the required
information provided were included in the statistical analysis. The analysis did not include
the children for which the information about feeding in the first two months (n = 444) nor
about the time of solid foods’ introduction (n = 300).

2.1. Anthropometric Data

Children’s weight (0.1 kg measurement resolution) and height (0.1 cm measurement
resolution) were obtained by means of a standardized protocol and equipment, subjected
to calibration before and during the data collection period [30]. For the purpose of ensuring
a very good intra- and inter- observed reliability agreement [31], research assistants, who
passed extensive training before commencing the study, carried out all measurements to
achieve. The definition of overweight, including obesity was based on the WHO criteria: for
children age < 5 years as BMI z-score > 2 standard deviation (SD) and BMI z-score > 3 SD,
respectively, whereas, for children age > 5 years, the ranges were encompassed into BMI
z-score > 1 SD for overweight and into BMI z-score > 2 SD for obesity. Calculated ponderal
index (PI = weight/height3) served for evaluation of children’s weight status at their
birth with the normal PI range being 2.2–3.0 g/cm3, PI > 3.0 was considered indicative
for overweight; while PI < 2.2 indicated low weight newborns. Parents/caregivers self-
reported parental weight and height, while their BMI was calculated. Categorization
of parents/caregivers with regard to their BMI defined the groups of normal weight
(≤24.9 kg/m2), overweight (≥25 and ≤29.9 kg/m2), and obese (≥30 kg/m2) ones [32].

2.2. Statistical Analyses

Continuous variables are shown as the means ± standard deviation for the cases of
normal distribution (e.g., age of preschoolers, age of mothers, the introduction of solid
foods) and as the medians and IQR (interquartile range) for variables deviating from a
normal distribution (duration of breastfeeding). Shapiro-Wilk tests were used for testing of
normality of variables’ distribution.

With regard to country and children’s BMI categories, the χ2 test and Fisher’s exact
test were applied to these categorical variables. For comparison of the means from two
samples, an independent samples t-test was implemented, whereas for the means of more
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than two samples (birth weight; mother’s age)—the one-way ANOVA (analysis of variance)
with a Scheffe’s post-hoc analysis.

The median Mann-Whitney test was used for the comparison of the medians from
independent samples. Pearson’s and Spearman’s correlation analyses were utilized for
exploration of the relationship between feeding practices and children’s BMI as well as
mother’s characteristics. The odds of being overweight/obese (dependent variable), while
accounting for different breastfeeding practices were estimated by means of logistic regres-
sion analysis with 95% confidence intervals (CIs). The validity of significant associations to
the duration of breastfeeding, when adjusted for these other variables, potential confound-
ing variables and covariates (mother’s age and BMI before pregnancy, SES (socio-economic
status), smoking habits during pregnancy, and country) was determined on the basis of
the obtained results. For the purpose of quantifying the probability of conforming to the
current recommendations for the EBF in 4–6 months of age, logistic regression analysis
was carried out adjusting for mothers’ age and BMI before pregnancy, SES, smoking habits
during pregnancy, and country. Conformance to recommendations for EBF 4–6 months of
age (yes/no) and overweight/obesity at preschool age (yes/no) were specified as depen-
dent variables in the relevant models. The variables presented as logistic regression model
coefficients were chosen on the basis of their relevance for the investigated subject and
also these tested negatively for the presence of collinearity, thus not bringing any tangible
influence too. The Statistical Package for Social Sciences (IBM SPSS v. 20, Chicago, IL, USA)
was used for the data analysis with p < 0.05 set as a level of significance.

3. Results

A total of 6800 questionnaires from the six countries met the qualifying criteria for
inclusion in the analysis is. The sociodemographic characteristics of respondents are shown
in Table 1. The mean age of children is 4.75 ± 0.43 years; 52.3% boys, with no statistically
significant difference in gender distribution between the participating countries. Further
details with regard to characteristics of the ToyBox study sample are presented in other
papers [25,32].

Table 1. Characteristics of participants by country.

Country n (%)
Belgium Bulgaria Germany Greece Poland Spain Total p

Child’s gender
Male 600 (53.2) 438 (50.1) 577 (52.3) 841 (51.1) 707 (53.0) 392 (55.0) 3555 (52.3)

0.37 *Female 528 (46.8) 436 (49.9) 527 (47.7) 806 (48.9) 627 (47.0) 321 (45.0) 3245 (47.7)
1128 (100) 874 (100) 1104 (100) 1647 (100) 1334 (100) 713 (100) 6800 (100)

Birth weight mean (±SD)
3.34 (0.51) 3.26 (0.53) 3.32 (0.54) 3.14 (0.53) 3.44 (0.55) 3.32 (0.50) 3.29 (0.54) <0.001 **

Ponderal Index at birth
Low 121 (10.7) 142 (16.2) 28 (2.6) 339 (20.7) 754 (59.6) 95 (13.2) 1633 (24.3)

<0.001 *Normal 914 (81.0) 690 (78.9) 883 (80.8) 1267 (77.2) 499 (39.5) 554 (77.7) 4806 (71.6)
High 93 (8.3) 42 (4.9) 28 (2.6) 34 (2.1) 12 (0.9) 66 (9.1) 274 (4.1)

BMI at 6th month
Under-/normal 788 (94.9) 445 (90.6) 917 (91.7) 1334 (92.8) 818 (89.1) 545 (92.1) 4897 (92.0)

<0.001 *Overweight 35 (4.2) 21 (4.3) 65 (6.5) 85 (5.9) 75 (8.2) 41 (6.9) 322 (6.1)
Obese 7 (0.9) 25 (5.1) 18 (1.8) 17 (1.3) 25 (2.7) 6 (1.0) 98 (1.9)

BMI at 12th month
Under-/normal 607 (94.4) 400 (82.1) 902 (91.0) 1231 (88.2) 749 (82.6) 515 (88.9) 4404 (88.0)

<0.001 *Overweight 27 (4.2) 60 (12.4) 62 (6.3) 130 (9.3) 131 (14.4) 55 (9.5) 465 (9.3)
Obese 9 (1.4) 27 (5.5) 27 (2.7) 35 (2.5) 27 (3.0) 9 (1.6) 134 (2.7)

BMI categories of preschools n (%)
Underweight 8 (0.7) 5 (0.6) 4 (0.4) 11 (0.7) 7 (0.5) 2 (0.3) 37 (0.5)

<0.001 *
Normal weight 1059 (93.9) 764 (87.4) 1024 (92.8) 1356 (82.3) 1214 (91.0) 613 (86.0) 6030 (87.8)

Overweight 47 (4.2) 76 (8.7) 61 (5.5) 200 (12.1) 83 (6.2) 75 (10.5) 542 (8.0)
Obese 14 (1.2) 29 (3.3) 14 (1.3) 80 (4.9) 30 (2.2) 23 (3.2) 190 (2.8)
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Table 1. Cont.

Country n (%)
Belgium Bulgaria Germany Greece Poland Spain Total p

SES—n (%)
Low SES 453 (40.2) 124 (14.2) 243 (22.0) 790 (48.0) 445 (33.4) 290 (40.7) 2345 (34.5)

<0.001 *
Medium SES 341 (30.2) 300 (34.3) 388 (35.1) 448 (27.2) 395 (29.6) 256 (35.9) 2128 (31.3)

High SES 334 (29.6) 450 (51.5) 473 (42.8) 409 (24.8) 494 (37.0) 167 (23.4) 2327 (34.2)
1128 (100) 874 (100) 1104 (100) 1647 (100) 1334 (100) 713 (100) 6800 (100)

Mother’s age—mean (±SD)
33.7 (4.7) 33.9 (4.4) 35.7 (5.1) 37.1 (4.4) 34.5 (4.3) 37.7 (4.6) 35.4 (4.7) <0.001 **

BMI categories n (%)
Under-/normal 755 (70.4) 667 (78.9) 727 (70.9) 1101 (70.1) 1011 (78.6) 503 (74.2) 4764 (73.5)

<0.001 *Overweight 217 (20.2) 133 (15.7) 213 (20.8) 328 (20.9) 204 (15.9) 134 (19.8) 1229 (19.0)
Obese 100 (9.3) 45 (5.3) 86 (8.4) 142 (9.0) 72 (5.6) 41 (6.0) 486 (7.5)

Tobacco use during pregnancy
No smoking 1011 (90.7) 687 (79.8) 956 (89.2) 1340 (82.7) 1220 (93.2) 574 (81.0) 5788 (86.6)

Smoking 2nd trimester 2 (0.2) 12 (1.4) 4 (0.4) 40 (2.5) 1 (0.1) 2 (0.3) 61 (0.9) <0.0001 *
Smoking at 1st & 3rd trimester 6 (0.5) 46 (5.3) 29 (2.7) 54 (3.3) 29 (2.2) 25 (3.5) 189 (2.8)
Smoking throughout pregnancy 96 (8.6) 116 (13.5) 83 (7.7) 187 (11.5) 59 (4.5) 108 (15.2) 649 (9.7)

* χ2 test; ** ANOVA; BMI—Body mass index; SES—socio-economic study; SD—standard deviation.

3.1. Breastfeeding Practices

The ever breastfeeding rate in the total sample is 85.0% (n = 5777). The highest rates
are reported in the samples from Poland (94.7%) and Bulgaria (92.8%), while the lowest is
in the Belgian sample (66.7%). Prevalence of the BF initiation from the time of birth is 96.1%
(n = 5531) and has a statistically positive weak correlation with the country (Pearson’s
r = 0.13; <0.001): the highest are in Belgium (99.6%) and Germany (99.1%). Children in
Spain and Greece more often than in other study countries started BF not from birth but
from a later time: 12.4%; n = 75 and 7%; n = 99, respectively.

Only 6.3% (n = 428) of the children were exclusively breastfed for the duration of the
first six months after birth. Frequencies higher than the average of the total sample are
observed for Germany (n = 163; 14.8%) and Poland (n = 105; 7.9%). Greece has the lowest
frequency (2.7%); followed by Belgium (2.8%) and Spain (5.2%) (Table 2).

Table 2. Breastfeeding practices among preschool children from the six countries, participating in the ToyBox study.

Infant Feeding Practice
Country—n (%)

p
Belgium Bulgaria Germany Greece Poland Spain Total

BF initiation—n (%)
-from birth 727 (99.6) 798 (98.4) 920 (99.1) 1319 (93.0) 1236 (97.9) 531 (87.6) 5531 (96.1)

<0.001 †-from later stage 3 (0.4) 13 (1.6) 8 (0.9) 99 (7.0) 27 (2.1) 75 (12.4) 225 (3.9)
-total 730 (100) 811 (100) 928 (100) 1418 (100) 1263 (100) 606 (100) 5756 (100)

EBF 4–6 months—n (%) 32 (2.8) 47 (5.4) 163 (14.8) 44 (2.7) 105 (7.9) 37 (5.2) 428 (6.3) <0.001 †

Duration of BF
(months; median; IQR) 4 (2–6) 5 (3–9) 7 (4–11) 3 (2–6) 9 (4–13) 5 (2–9) 5 (2–9) <0.001 **

Continued BF rate (>12 months) 31 (3.9) 87 (10.3) 134 (12.1) 84 (5.9) 347 (26.3) 95 (15.7) 778 (12.8) <0.001 †

Introduction of SF months
(mean; ±SD) 4.6 ± 1.8 6.6 ± 2.0 6.3 ± 1.8 5.8 ± 1.2 * 5.8 ± 1.6 * 5.6 ± 1.5 * 5.8 ± 1.7 * <0.001

EBF 4–6 months + introduction
SF and BF < 12 months 32 (2.84) 47 (5.38) 163 (14.76) 44 (2.67) 105 (7.87) 37 (5.19) 428 (6.29) <0.001 †

EBF 4–6 months + introduction
SF and BF ≥ 12 months 15 (1.15) 24 (2.90) 74 (7.86) 18 (1.09) 142 (10.64) 18 (2.52) 225 (3.31) <0.001 †

* Introduction of solid foods is significantly different with exception of the next comparisons—Greece and Spain p = 0.13; Greece and
Poland p = 0.9; Poland and Spain p = 0.18 (ANOVA; Scheffe Post-hoc test); ** p-value in median test; † p-value in χ2-test; BF—breastfeeding;
EBF—exclusive breastfeeding; SF—solid foods; IQR—Interquartile range; SD—standard deviation.
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3.2. Duration of Breastfeeding

The median duration of BF among infants during the first 12 months is highest among
Polish (9 months) and German (7 months) participants, with a significantly higher dura-
tion than the median duration of the entire sample (5 months, p < 0.001). For the entire
sample, after adjustment for the risk factors there is a weak but significant positive rela-
tionship between the duration of breastfeeding and maternal characteristics: education
level (Spearman’s ρ = 0.15; p = 0.023), SES (Spearman’s ρ = 0.09; p < 0.001), age at the
pregnancy (Pearson’s r = 0.061; p < 0.0001). Additionally, mothers with a pre-pregnancy
BMI ≥ 25(Pearson’s r = −0.14; p < 0.001) and smoking habits during pregnancy (Pearson’s
r = −0.06; p < 0.0001) had a shorter duration of BF. Infants who were breastfed exclusively
for 4–6 months have a longer duration of any BF (Pearson’s r = 0.32; p < 0.0001). Fac-
tors associated with the continued BF (>12 months) are mother’s education ≥ 14 years
(p < 0.0001), normal weight before pregnancy (p < 0.0001), non-smoking habits during
pregnancy (p < 0.0001), 25–40 years age group (p = 0.001) and SES (p = 0.02).

Exclusive formula feeding during first 4–6 months is about 12% (n = 830), with the
highest value observed in the Belgian sample (n = 253; 22.4%) and the lowest in the Polish
sample (4.5%; p < 0.001), which is associated with the following mothers’ characteristics:
education ≥ 14 years (p < 0.0001), non-smoking habits during pregnancy (p < 0.0001),
higher age (p < 0.0001) and higher SES (p = 0.025); normal pre-pregnancy weight (p = 0.03).

Mothers’ education less than 12 years (p < 0.0001); BMI > 25 kg/m2 (p < 0.0001);
tobacco use throughout pregnancy (p < 0.001) and low SES (p < 0.001) are associated with a
higher frequency of formula feeding. The same risk factors (maternal education less than
12 years (OR = 0.61; 95%CI 0.44–0.85), smoking throughout pregnancy (OR = 0.39; 95% CI
0.24–0.62), overweight before pregnancy (OR = 0.67; 95%CI (0.47–0.95)) are associated with
not achieving EBF for 4–6 months (p < 0.05), Table 3.

Table 3. Maternal characteristics associated with non-compliance to recommendations for exclusive
breastfeeding (EBF) for 4–6 months.

EBF 4–6 Months (n = 5975)

OR (CI 95%) p
Education 1

≤12 years 0.61 (0.44–0.85) 0.003
13–16 years 0.65 (0.52–0.83) <0.0001
≥16 years 1 (reference)

Smoking habits during pregnancy 2

No smoking 1 (reference)
Smoking during pregnancy 0.39 (0.24–0.62) <0.0001
Age mother at pregnancy 3

≤25 years 1 (reference)
26–39 years 1.76 (1.15–2.70) 0.001
≥ 40 years 1.95 (0.93–4.12) 0.08

BMI before pregnancy 4

Underweight 0.98 (0.68–1.41) 0.91
Normal-weight 1 (reference)

Overweight 0.67 (0.47–0.95) 0.03
Obese 0.53 (0.27–1.05) 0.07

1 Adjusted for age and BMI before pregnancy, smoking habits during pregnancy, country and SES. 2 Adjusted for
age and BMI before pregnancy, country and SES. 3 Adjusted for age BMI before pregnancy, smoking habits during
pregnancy, country and SES. 4 Adjusted for age before pregnancy, smoking habits during pregnancy, country and
SES; (BMI—Body mass index; SES—socio-economic status; EBF—exclusive breastfeeding)

3.3. Breastfeeding Practices and Weight Status of the Preschoolers

The prevalence of overweight and obesity according to the WHO criteria was 8.0%
(n = 542) and 2.8% (n = 190), respectively (Table 1). Infant feeding practices exhibited a
different association with the prevalence of overweight and obesity at different stages of
childhood. A lower percentage of children were obese in the EBF 4–6 months group than
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the formula-fed group (1.6% vs. 6.5%; p = 0.012) (Table 4). Factors negatively related to
the prevalence of overweight and obesity in preschoolers after controlling for confounding
factors are EBF throughout the first three months of life (Pearson’s r = −0.03; p = 0.01) and
non-significantly—duration of any breastfeeding (Spearman’s ρ = −0.02; p = 0.12).

Table 4. Breastfeeding practicies and weight status of children.

Weight 6th Month Weight 12th Month Weight Preschoolers

Under/Normal
Weight

Over-
Weight

Obese
Under/Normal

Weight
Over-

Weight
Obese

Under/Normal
Weight

Over-
Weight

Obese

EBF 0–3 months 1672 (91.7) 116 (6.4) 35 (1.9) 1557 (88.6) 163 (9.3) 37 (2.1) 2104 (90.8) 170 (7.3) 43 (1.9)
EBF 4–6 months 304 (90.2) 23 (6.8) 10 (3.0) 299 (88.7) 29 (8.6) 9 (2.7) 392 (91.6) 29 (6.8) 7 (1.6)
EBF ≥ 7 months 20 (83.3) 4 (16.7) 0 19 (79.2) 4 (16.7) 1 (4.2) 33 (94.3) 1 (2.9) 1 (2.9)
Predominant BF

0–3 months 852 (92.1) 55 (5.9) 18 (1.9) 777 (86.2) 95 (10.5) 29 (3.2) 1103 (90.2) 79 (6.5) 41 (3.4)

Predominant BF
4–6 months 222 (91.0) 15 (6.1) 7 (2.9) 207 (87.3) 20 (8.4) 10 (4.2) 295 (89.9) 28 (8.5) 5 (1.5)

Formula feeding
4–6 months 143 (86.1) 12 (7.2) 11 (6.6) 137 (83.0) 21 (12.7) 7 (4.2) 199 (86.5) 16 (7.0) 15 (6.5)

Duration of BF
>12 months 1446 (91.3) 105 (6.6) 32 (2.0) 1315 (87.3) 155 (10.3) 36 (2.4) 1869 (89.8) 165 (7.9) 47 (2.3)

BF—breastfeeding; EBF—exclusive breastfeeding.

Formula feeding at 4–6 months is linked to a higher prevalence of overweight and
obesity at 6 months of infancy (13.8%) and among preschoolers (13.5%), but the association
was non-significant when adjusted for confounding factors (Spearman’s ρ = 0.02; p = 0.18).
(Table 4)

Table 5 shows the output from the logistic regression analysis with reducing factors
for overweight or obesity being identified: the odds to become overweight at preschool age
among children who were BF for 4–6 months is 0.87 (OR = 0.87; 95%CI 0.62–1.21; p = 0.40);
0.64 for EBF 6 months. The introduction of solid foods after six months of EBF is related to
69% less risk for overweight at preschool age (p = 0.25) in comparison to the formula milk
feeding when adjusted for the mother’s characteristics (age and BMI before pregnancy,
smoking habits during pregnancy, country, SES) and gender of the children.

Table 5. Logistic regression analysis of the association of infant feeding practices and the overweight
or obesity among preschool children.

Infant Feeding Practice 1
Overweight Obesity

OR (CI 95%) p OR (CI 95%) p

Breastfeeding
1–3 months 1.09 (0.81–1.45) 0.59 1.15 (0.69–1.93) 0.59
4–6 months 0.87 (0.62–1.21) 0.40 0.89 (0.50–1.60) 0.75

7–12 months 1.01 (0.73–1.41) 0.96 1.25 (0.69–2.26) 0.44
≥12 months 1.02 (0.70–1.50) 0.91 1.11 (0.54–2.25) 0.78

Formula feeding 1 (reference) 1 (reference)

Infant feeding practicies for 6 months
EBF 0.64 (0.22–1.81) 0.40 1.10 (0.63–1.93) 0.73

Predominant BF 1.12 (0.78–1.61) 0.55 0.91 (0.52–1.60) 0.74
Partial BF 0.95 (0.71–1.28) 0.73 1.35 (0.83–2.20) 0.23

EBF and solids 0.31 (0.04–2.30) 0.25 0.88 (0.47–1.77) 0.79
Formula feeding 1 (reference) 1 (reference)

1 Adjusted for mother’s age and BMI before pregnancy, smoking habits during pregnancy, country, SES and
children’s gender; EBF—exclusive breastfeeding; BF—breastfeeding.

Regarding the association between other characteristics at birth and obesity, there is
no correlation with preterm or term delivery (p = 0.89) and PI at birth (p = 0.36) in the total
sample and the country level stratification (p > 0.05).
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4. Discussion

The analyses of the collected data from 6 countries in Europe regarding the character-
istics at birth, infant feeding practices, and risk of childhood obesity revealed that in nearly
all the countries 85% of children were breastfed, with the notable exception of Belgium,
where only 66.7% of children were breastfed. In spite of the solid evidence demonstrating
major health benefits associated with BF, including risk reduction for overweight and
obesity, breastfeeding remains still well below the global goal of 50% EBF at 2025 [33–35].
Our data represent the BF practices and related factors corresponding to the year 2012
but are in agreement with other recent survey analyses indicating less than satisfactory
breastfeeding practices in many European countries [36]. In our sample, only 6.3% of
children were exclusively breastfed during the 6th month of life and thus met the WHO
recommendation. However, a recent survey performed by the WHO Regional Office for
Europe and the European Society of Pediatric Gastroenterology, Hepatology and Nutrition
revealed that more than 82% of European countries recommended the introduction of com-
plementary feeding at the age of 4–5 months and hence exclusive breastfeeding for a shorter
period than six months [37]. The rate of EBF in our study is lower than results for EBF at
4–6 months from European samples such as IDEFICS (45.5%) and COSI (lowest—10.5%
for Spain), and from the World Health Statistics WHO—Reports [38,39]. The significant
data discrepancy appears to be primarily due to the different approaches of the calculation
methodologies, and potentially also due to some imprecision due to recall bias in our
study. In the studies cited above, as well as in almost all the official data, the frequency of
exclusive breastfeeding is presented according to the WHO “Indicators for assessing infant
and young child feeding practices” as the prevalence of “exclusively breastfed for the first
6 months of life”. Thus, this indicator does not measure the proportion of children meeting
the WHO recommendation for exclusive breastfeeding of all children until 6 months, as
pointed out by Pullum [40]. The prevalence data in the above-mentioned studies are very
close to the goals in the “WHO global nutrition targets 2025” and can lead to inadequate
political decisions regarding protection, promotion, and support of exclusive breastfeeding.

Children who were exclusively BF throughout the first three months of life were less
likely to become overweight at preschool age when adjusted for country, age and gender,
mother’s pre-pregnancy age and BMI.

The odds to become overweight at preschool age among children who were BF for
4–6 months is 0.87 and 0.31 for the EBF and solids introduction at 4–6 months in com-
parison to the formula milk feeding, when adjusted for mother’s characteristics (age
and BMI before pregnancy, smoking habits during pregnancy, country, SES and gender
of children). Thus the effect size for breastfeeding effects on later obesity in our study,
although non-significant, is in the same order of magnitude as found in reviews and
meta-analyses [15–18]. Our results also show a protective role of any breastfeeding against
obesity and overweight, with 13% less risk at any BF of 4–6 months, and 69% for over-
weight and 12% for obesity at EBF and solid foods introduction for six months, compared to
exclusive formula feeding. These results agree with the reported 26% decrease of the odds
of overweight or obesity with any BF in 113 studies [23]. Also, infants fed formula during
the first 4–6 months have a higher prevalence of overweight and obesity in preschool age
(Table 4). Possible mechanisms for this relationship may include the different macronutri-
ent composition of breast milk and formula, in particular the lower protein supply with
breast milk [18], and potentially the presence of bioactive substances like ghrelin, leptin,
insulin-like growth factor-1, adiponectin in human milk but not in formula [41]. There is
published evidence that feeding formula milk has an accelerating effect on infant weight,
height, body fat, apparently mediated through high levels of protein (the “early protein
hypothesis”) [18] and lower appetite control of bottle-fed infants [15,20,42,43]. Moreover, a
recent study reported that formula feeding in the early life of infants small for their gesta-
tional age is related to prospective overweight in preschool age, but only among girls [44].
Breastfeeding also modulates the physiological development of the digestive tract [45]
and intestinal colonization [46], which might contribute to risk reduction for obesity in
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later life [47]. However, our results also show significant confounding of the association
of breastfeeding and later overweight by low SES that is linked to both less breastfeeding
success and more overweight. A more detailed analysis of the relationship between SES
and overweight/obesity prevalence in children participating in the ToyBox study was
previously published [32]. In the current analysis, SES is included as a confounder for
which the analysis has been adjusted.

One of the limitations of the current presentation is the cross-sectional study design
which is not able to identify the cause-effect association between the sociodemographic
characteristics and the prevalence of overweight/obesity among preschoolers. Particularly,
the selection of children from kindergartens within only one province in each country is
the next methodological limitation of the study, which does not allow to draw a conclusion
at a national level for each of the countries based on the collected data. Another limiting
factor stems from the parental self-reporting of weight, height, gestational weight gain,
and infant’s birth weight, which despite the relatively close time for recollection might
have introduced recall bias. Retrieving data about BF duration through mothers’ recall for
the time period 3–4 years ago can be seen as another limitation. This mostly impacts the
reporting of EBF, as there is evidence that more than two years after birth mothers tend to
overestimate the duration of BF [48]. In line with previous studies, our analysis indicates
that breastfeeding practices are associated with factors that are also related to obesity
development, such as maternal education, SES, BMI, and infant birth weight [38,49–51].
The statistical power to detect protective effects of breastfeeding on later obesity is limited
by the fact that we could not compare exclusive breastfeeding from birth with exclusive
formula feeding from birth, which has been reported to have the most marked effect on later
obesity risk [52]. Even though we adjusted the calculation of ORs for these factors, residual
confounding cannot be excluded, hence the extent of the causal effect of breastfeeding itself
on later risk of overweight and obesity is difficult to determine.

A large number of study participants, the involvement of participants from several
European countries which adds a level of independent validation, as well as the harmo-
nized methodology in data collection and obtaining measurements may be noted as merits
of this study [26,32].

5. Conclusions

Our study found only a non-significant trend for reduced childhood overweight as-
sociated with breastfeeding when adjusting for relevant confounding factors. It is likely
that sociodemographic and lifestyle factors associated with breastfeeding practices have an
impact on childhood obesity. The findings of less than desirable breastfeeding rates and
duration underline the need for enhanced protection, promotion, and support of breastfeed-
ing throughout Europe. Particularly intensive efforts are necessary for populations with
low breastfeeding rates and duration based on geographic region and other risk markers
such as lower education and socioeconomic class, tobacco smoking, parental overweight
and obesity [5,36]; short duration of maternity leave, psychological factors as maternal
perceived stress and postpartum depression [53].
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Abstract: Childhood obesity prevalence trends involve complex societal and environmental factors
as well as individual behaviors. The Healthy Schoolhouse 2.0 program seeks to improve nutrition
literacy among elementary school students through an equity-focused intervention that supports the
health of students, teachers, and the community. This five-year quasi-experimental study follows a
baseline–post-test design. Research activities examine the feasibility and effectiveness of a profes-
sional development series in the first program year to improve teachers’ self-efficacy and students’
nutrition literacy. Four elementary schools in Washington, DC (two intervention, two comparison)
enrolled in the program (N = 1302 students). Demographic and baseline assessments were similar be-
tween schools. Teacher participation in professional development sessions was positively correlated
with implementing nutrition lessons (r = 0.6, p < 0.001, n = 55). Post-test student nutrition knowledge
scores (W = 39985, p < 0.010, n = 659) and knowledge score changes (W = 17064, p < 0.010, n = 448)
were higher among students in the intervention schools. Students who received three nutrition
lessons had higher post knowledge scores than students who received fewer lessons (H(2) =22.75,
p < 0.001, n = 659). Engaging teachers to implement nutrition curricula may support sustainable
obesity prevention efforts in the elementary school environment.

Keywords: childhood obesity; nutrition literacy; nutrition education; self-efficacy; teachers

1. Introduction

The increasing prevalence of childhood obesity and overweight in the United States
(US) is a significant public health concern, with adverse health and economic consequences
across the lifespan [1]. Over the last two decades, the rates of childhood obesity increased
from 13.9% to 19.3% nationally, and they disproportionately impacted communities of color
and those of lower socioeconomic status [2]. In Washington D.C. (DC), the childhood obesity
rate is among the highest in the nation, affecting 35% of children; in Wards 7 and 8, two of
the district’s most underserved regions, the obesity rate is 72% [3]. The causes mediating
childhood obesity prevalence involve complex societal and environmental factors, as well as
individual behaviors; thus, solutions must engage multiple spheres of influence.

Several US federal policies have sought to address the system-wide challenges that
contribute to an increase in childhood obesity and overweight within school settings. For
example, the National School Lunch Program and Healthy, Hunger-Free Kids Act of 2010
(HHFKA) improved the nutrition standards school meals are required to meet [4,5], and
the 2015 Every Student Succeeds Act (ESSA) included health and physical education in
the definition of a “well-rounded education” [6]. Broad adoption of the Whole School,
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Whole Community, Whole Child (WSCC) model aligns education and health with a focus
on the “long-term development and success of all children” [7]. Locally, DC passed the
Healthy Schools Act of 2010 (amended by the Healthy Students Amendment Act of 2018) to
establish comprehensive requirements for improving school meal and nutrition standards
in the cafeteria and vending machines, increasing student physical activity and health
education time, supporting school gardens and farm-to-school education, and establishing
local school wellness policies to specifically address obesity and hunger [8].

Working in tandem with educational policy, health promotion interventions to im-
prove child health and prevent obesity are frequently based in school settings. Although
barriers exist, including time, resources, and educator training, extensive research supports
the effectiveness of school-based nutrition education interventions to reduce childhood
obesity and support academic achievement [9–16]. Specifically, health promotion interven-
tions can improve nutrition knowledge, attitudes, and preferences for healthy foods [17,18]
and serve to predict future behavior [19]. Further, a systematic review and meta-analysis
of 34 studies [20] suggests a positive impact on student nutritional knowledge and dietary
behaviors when nutrition education is taught by teachers.

Teachers are vital to advancing student health and education. Elementary school
teachers, in particular, represent an upstream approach to establishing healthy eating
habits early in life that may reduce future onset of childhood obesity. Moreover, investing
in teacher knowledge and behavior can positively impact student outcomes [21]. While
most teachers believe in the importance of teaching nutrition education and agree they
can influence their students’ eating behaviors, less than half report feeling prepared, em-
powered, or able to integrate health education into their current curricula [22,23]. These
findings [22–24] indicate that while teachers hold strong beliefs relative to the positive
correlation between health and learning, they rate themselves poorly in having the knowl-
edge and skills to teach and integrate health into instruction [25]. Accordingly, increasing
teachers’ confidence, attitudes, and self-efficacy related to nutrition may have a positive
impact on student health behaviors.

Healthy Schoolhouse 2.0 is a comprehensive childhood obesity prevention program
that seeks to improve nutrition literacy among elementary school students and supports
the health of students, teachers, and the community. The key component of the intervention
is the empowerment of teachers as agents of change by equipping them with the skills,
knowledge, and materials to integrate nutrition education in core subject areas [26]. The
overarching approach of this work is based on the social ecological model (SEM) [27].
Additionally, it is grounded in the WSCC premise that recognizes it is more effective
to establish healthy behaviors during childhood than to change unhealthy behaviors in
adulthood that can result in overweight and obesity. This study examines the feasibility of
the professional development (PD) program and impact of implementing nutrition lessons
on students’ knowledge and attitudes among participants in their first year of the Healthy
Schoolhouse 2.0 program. It is hypothesized that the student nutrition literacy scores are
related to the number of professional development sessions teachers attended and number
of nutrition lessons students received.

2. Materials and Methods

Healthy Schoolhouse 2.0 is a five-year feasibility study that follows a baseline posttest
intervention design with staggered enrollment by study year. The data are multilevel in
nature; teachers are nested within schools and students are nested within classrooms. The
study methods are described previously in Hawkins et al. [26]. This analysis focuses on all
student baseline and post-test scores during their first year of the program.

Teachers in the intervention schools participated in a five-session PD series designed
to equip them with the skills, knowledge, attitudes, and materials to teach nutrition
concepts within core subjects. The USDA’s Serving up MyPlate Curriculum provides nutrition
education lessons that align with the common core standards in science, math, English
language arts, and health [28]. Each PD session was offered in the schoolhouse, and
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teachers were invited to attend by the school principal, who also attended the sessions
demonstrating leadership support for the topic and program. The sessions covered Healthy
Schoolhouse 2.0 program and objectives, a socio-ecological approach to nutrition education,
training on the Serving up MyPlate: A Yummy Curriculum, practice with model nutrition
lessons, and nutrition myths and facts. Each session also included time devoted to address
teacher health and wellness through mindfulness practices, stress-reduction techniques,
breathing exercises, or gentle yoga poses. PD sessions were 30–45 min in length (offered in
person at a time determined by school leadership), and teachers could then choose how
many and which nutrition lessons they would implement, three serving as the criteria
for program completion. Nutrition curriculum materials kits were created and delivered
to teachers at each grade level in the intervention schools. In addition to the curriculum
materials, all supplies needed to conduct lessons were provided in the kits. Technical
support was offered to teachers in-person and online by the program manager. Teachers
were asked to document each nutrition lesson implemented via a brief Google form. After
implementing three lessons, teachers were eligible for a financial incentive that could be
used to purchase classroom supplies. Students in the intervention and comparison schools
completed a brief Student Nutrition Literacy Survey (SNLS) at baseline (N = 1302) and
post to measure knowledge, beliefs, attitude, and intent toward healthful nutrition-related
concepts. The SNLS was aligned with the USDA curriculum content. The design and
validation of the SNLS instrument is described previously [29].

Approval for this study was obtained in July 2017 from the University’s Institutional
Review Board for the Protection of Human Subjects in Research (IRB). Parent/guardian
notification and assent was obtained in accordance with school district regulations through
a written disclaimer that participation in the survey was optional. Student assent was
obtained at the beginning of the school year prior to baseline survey data collection. Teacher
consent was obtained at baseline.

2.1. Participant and School Demographics

Thirteen eligible schools in DC’s Wards 7 and 8 were invited to participate. Eligibility
requirements included elementary schools that participate in the Community Eligibility
Provision program, which serves breakfast and lunch at no cost to all enrolled students,
provides instruction to students in grades 1–5, and has an active partnership with the
community-based food access program. Schools were engaged via email invitation and
phone calls from the program manager and then randomized to either the intervention or
comparison group.

The populations at the four participating schools were statistically similar on several
demographic covariates, including school size (<400 students), student ethnicity (>90%
Black), and proportion of students eligible for free and reduced-price meals (100%). Table 1
describes the number of participating schools, students, and teachers.

Table 1. Healthy Schoolhouse 2.0 participants: Student baseline.

# Schools # Students Grades # Teachers

4 (2 intervention, 2 comparison) 1302 1st–5th 55
#: Number.

2.2. Teacher Health Survey (THS)

Prior to participating in the PD series, teachers completed the previously adminis-
tered [24] 38-item Teacher Health Survey (THS) regarding personal health habits, beliefs
about health and education, and self-efficacy as it relates to implementing health-related
content in the classroom. Health beliefs items (n = 8) (example item: “It is my role as a
teacher to create classrooms that promote healthy habits for students.”) and self-efficacy
items (n = 6) (example item: “I can motivate students to engage in healthy behaviors.”)
were measured on a five-point Likert scale (1 “strongly disagree” to 5 “strongly agree”).
Demographic information including teacher race/ethnicity and age were also collected.
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Biometric data (BMI) was not reported in order to reduce barriers to participation [30].
Therefore, it is not possible to examine if healthier teachers were more willing to participate
in the program. Teachers’ interests in specific personal health and wellness topics were
also incorporated in the PD sessions.

2.3. Student Nutrition Literacy Survey (SNLS)

The 15-item Student Nutrition Literacy Survey (SNLS) (Supplementary Figure A)
was administered at baseline and post-intervention to students in the intervention and
comparison schools. The SNLS has demonstrated appropriate initial psychometric qualities
to measure nutrition knowledge, attitudes, and beliefs [29]. The instrument contains
multiple choice questions with two scales that assess nutrition knowledge and attitudes,
beliefs, and intent (ABI), with a KR20 of 0.7 for internal reliability for the knowledge
items and 0.4 for ABI items. The survey is brief, easily administered, and has a low
respondent burden. The SNLS incorporates the content of the USDA MyPlate curriculum,
which is aligned with Common Core State standards in English and Math, as well as
the Next Generation Science Standards, and the National Health Education Standards
(Supplementary Table B). Each student’s name, grade, and gender were collected to assess
changes in pre–post assessments at the individual level, although data were coded and de-
identified during data entry. The SNLS was administered in-person by program graduate
research assistants who read the questions aloud to students with consistent procedures in
all classrooms. Students recorded their answers independently.

2.4. Data Analysis Procedures

Teacher and student survey data were entered, cleaned, and double-checked for
accuracy by a different data coder before statistical analysis. Statistical analyses were
performed using IBM SPSS Statistics software Version 26.0 (SPSS Inc., Chicago, IL, USA)
and R ‘ordinal’ Package [31,32]. Descriptive analysis was conducted to summarize student
and teacher sociodemographic characteristics, teacher self-efficacy and nutrition beliefs,
and student nutrition literacy scores. Analysis was conducted on student level data which
captures nutritional knowledge, attitudes and beliefs, teacher-level data and information
on the PD sessions attended, and intervention lessons implemented within the classrooms.

For each scale on the SNLS, item responses were summed to create a scaled score with
higher scores indicating positive nutrition attitudes. The SNLS mean score and standard
deviation (SD) for each item, summary score for each scale, and percent correct score
were compared between the intervention and comparison school at baseline and post.
Skipped questions from the knowledge scale were marked incorrect; skipped questions
from the ABI scale were excluded from the total score. Non-parametric analysis was
conducted using Shapiro–Wilk’s Test, the Wilcoxon Signed-Rank Test, and the Kruskal–
Wallis Test for data that were non-normally distributed and treated as ordinal in nature
due to the discrete characteristics of the SNLS. Correlation analysis, using Pearson’s r
correlation, was performed to examine the relationships among PD participation and
lesson implementation. A Multilevel Mixed Linear Model using ordinal logistic regression
(OLR) was used to determine the relationship between the predictor variables (intervention
received, school type, gender, etc.) with the ordered factor dependent variable (SNLS
knowledge percent scores) coded as ordered categorical grades A–F (A ≥ 90%, B ≥ 80%,
C ≥ 70%, D ≥ 60%, F < 60%). In this case, OLR is more appropriate to use than linear
mixed effects models because the SNLS score values are inherently categorical. Mean
imputation, the replacement of a missing observation with the mean of the non-missing
observations, was utilized upon independent variables with missing observations using
the mice package in R [33].
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3. Results

3.1. Teachers

The majority of teachers identified as Black (66%) and female (90%) with a mean age
of 41 years. Fifty-five teachers participated in one or more PD sessions; teachers attended
an average of three of the five (SD = 1.5) PD sessions. Teachers implemented a total of
71 nutrition lessons. Among teachers who implemented lessons, the average number of
lessons implemented was 4, with a range of one to nine lessons. There was a significant
positive correlation between the number of PD sessions attended and the number of nutrition
lessons implemented in the classroom (r = 0.6, p <0.01, n = 55) (Figure 1).

Figure 1. Correlation between professional development sessions and nutrition lesson implementation.

Teacher nutrition attitudes were positive overall in baseline and post-THS assessments
among the intervention and comparison schools. There were no differences in the teacher
pre-test self-efficacy scores and attitudes toward teaching nutrition between baseline and
post survey administration (F(1,23) = 1.45, p > 0.050) or between intervention and compari-
son teachers (F (1,23) = 0.20, p > 0.050). There was no association between teacher baseline
self-efficacy scores and participation in PD sessions among intervention school teachers
(r (17) = 0.06, p = 0.98). It is important to note that baseline self-efficacy and nutrition
attitudes mean scores were greater than 3, indicating that teachers generally agreed with
the statements prior to the implementation of the PD sessions.

3.2. Student Nutrition Literacy Survey (SNLS)

A total of 1302 students in grades 1–5 completed the baseline SNLS. The baseline
SNLS consists of pre-test and post-test scores for students in their first year of the Healthy
Schoolhouse 2.0 program. Demographic characteristics were similar between students
in the intervention and comparison schools (Table 2). Approximately 51% of students
identified as male, and the sample was balanced by grade.

Baseline SNLS scores were compared using the Wilcoxon Ranked-Sum Test and were
similar between intervention and comparison schools (W = 155929, p = 0.161). Both the
intervention and comparison schools had an increase in median knowledge scores, from
baseline to post measurements, 15.4% and 6.3%, respectively. Students in the intervention
school experienced a significant increase in knowledge scores as demonstrated by the
Wilcoxon Signed-Rank Test, which was the non-parametric alternative to a paired t-test
(p < 0.001, n = 659). There was also a significant increase in knowledge percent score
changes between students in the intervention and comparison schools (W = 17064, p < 0.001,
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n = 659) (Figure 2). Notably, students in the intervention schools had higher mean and
median post scores on nutrition literacy knowledge than students in the comparison
schools (W = 39985, p < 0.001, n =448). Student nutrition literacy knowledge scores
were higher in higher grades overall, as expected. There were no statistically significant
differences in median student attitude scores change by grade or between the intervention
and comparison schools.

Table 2. Student demographics: baseline assessment (N = 1302).

Intervention (n = 694) Comparison (n = 608) Total (n = 1302)

Intervention
School 1

Intervention
School 2

Comparison
School 1

Comparison
School 2

n (%) n (%) n (%) n (%) n (%)

Gender
Male 202 (51.5%) 137 (45.4%) 157 (53.2%) 167 (53.4%) 663 (50.9%)

Female 174 (44.4%) 155 (51.3%) 128 (43.4%) 146 (46.6%) 603 (46.3%)
Not Reported 16 (4.1%) 10 (3.3%) 10 (3.4%) 0 36 (2.3%)

Grade
1st 121(30.9%) 76 (25.2%) 93 (31.52%) 66 (21.1%) 356 (27%)
2nd 82 (20.9%) 53 (17.6%) 51 (17.29%) 60 (19.2%) 246 (18.9%)
3rd 55 (14%) 59 (19.5%) 50 (16.95%) 64 (20.4%) 228 (17.5%)
4th 68 (17.4%) 61 (20.2%) 51 (17.29%) 65 (20.8%) 245 (18.8%)
5th 66 (16.8%) 53 (17.5%) 50 (16.95%) 58 (18.5%) 227 (17.4%)

Figure 2. Distribution of student nutrition literacy knowledge scores in students first year of the program.

For the purpose of this analysis, the intervention was defined as having received three
nutrition lessons (yes/no). A Kruskal–Wallis Test (H(2) = 22.75, p < 0.001, n = 659) and post
hoc Dunn Test were utilized to examine if there were changes in SNLS scores with increases
in the number (dose) of lessons. There was a significant difference between post-test scores
of students who received the intervention of three nutrition lessons and those who received
fewer lessons (0–2) (p < 0.001). Students who received three or more nutrition lessons had
knowledge scores that were on average 10% higher than those students who received fewer
lessons. Of note, there were no differences between the nutrition knowledge scores of students
who received three lessons and those who received more than three lessons (p > 0.05).
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3.3. Multilevel Ordinal Logistic Regression (OLR)

The hierarchical nature of school systems, with students nested within classrooms, lends
itself to multilevel modeling approaches. Multilevel modeling allows for analysis of these
hierarchical data using random effect variables. Random effects allow for random slopes
to be added into the model to account for unobserved heterogeneity among schools (i.e.,
classrooms/schools). Odds Ratios are gathered by exponentiating OLR coefficients and
indicate the odds of receiving a higher SNLS score given a 1-point increase in the predictor
variable (e.g., nutrition lesson, gender, etc.). Table 3 describes the final OLR model. This
model examined student SNLS scores for the first three years of the Healthy Schoolhouse 2.0
program and includes data for students in both the intervention and comparison schools. In
this model, test exposure is operationalized as a time variable, beginning at zero, the students’
baseline test, and increasing incrementally each time a student takes the SNLS. The random
variables of student ID, teacher ID, and test level were nested within school. Students who
self-identified as female had higher SNLS scores than male students. The odds of receiving a
higher score increased by 1.45 if the student was female. SNLS scores increased over time
from pre to post assessment, with the odds of receiving a higher score increasing by 3.47.
In the final OLR model, two interaction effects (test exposure and program year, and test
exposure and test) were examined. Test exposure and program year examined the impact of
student test exposure in different years of the Healthy Schoolhouse 2.0 program. For every
one-unit increase in student test exposure times every unit increase in program year, there is a
corresponding 0.68 increase in odds of a higher SNLS score. Test Exposure and Test examined
the impact of the number of times a student sees the SNLS with the time of administration
(pre or post). For every one-unit increase in student test exposure, the odds of a higher score
on the SNLS post-test increases by 0.64.

Figure 3 illustrates the predicted test grade probabilities by gender for students who
received three or more nutrition lessons (intervention = yes) in blue and fewer than three
nutrition lessons (intervention = no) in yellow. With all other variables held constant,
students who received three or more nutrition lessons had a higher probability of scoring
higher grades on the post SNLS assessment. Students who received three or more lessons
have a higher estimated log odds of achieving >90% correct (A grade) on the post SNLS
assessment than students who received less than three nutrition lessons. The odds of
receiving a higher score (90% correct) over a lower score increased by 2.58 if a student
received three nutrition lessons. It is important to note the clear downward trend of the
log odds of the score predictions without nutrition lessons at a C grade. The predicted
probabilities for students who received three or more nutrition lessons show a positive
trend with higher probability of scoring higher nutrition literacy scores.

Table 3. Multilevel OLR analysis final model.

Estimate Odds Ratio Std. Error Z Value

Intervention (Yes) 0.95 *** 2.58 0.25 3.75
Test Exposure 1.2 *** 3.47 0.25 4.89
Program Year 0.39 *** 1.48 0.11 3.49

Test (Post) 1.5 *** 3.15 0.16 1.15
Gender (Female) 0.34 *** 1.45 0.11 3.11

Test Exposure and Program Year 0.38 *** 0.68 0.09 −4.13
Test Exposure and Test (Post) 0.44 *** 0.64 0.11 −4.127

*** Indicates p < 0.001.
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Figure 3. SNLS predicted grade probabilities by gender and intervention.

4. Discussion

Initial results from the participants in their first program year demonstrate that teacher
participation in PD sessions and implementation of nutrition lessons has a positive associa-
tion with increased student knowledge of nutritional concepts. Multilevel mixed modeling
analysis demonstrated significant differences between pre and post nutrition knowledge
scores between intervention and comparison schools, that the number of nutrition lessons
implemented is significantly related to higher student knowledge scores, and there is
a significant correlation between teacher PD sessions attended and number of lessons
implemented in classrooms. In particular, students who received three nutrition lessons
had significant improvement in nutrition literacy scores than students who received fewer
nutrition lessons. This suggests that programs aimed to empower teachers as nutrition
educators may be a valuable tool in teaching nutrition concepts and preventing childhood
overweight and obesity within school systems.

The emphasis on supporting the “whole child” [7], including accountability for im-
proving the health and wellness of students in the school environment, has been advanced
with federal and state policies (e.g., HHFKA, ESSA) [34]. With the environment primed
through policy levers to provide more nutritionally balanced meals, more dedicated time for
physical activity and health education, and specific school wellness policy requirements to
prevent and reduce obesity [35], the school setting is well positioned to support the nutrition
literacy of students as well as the broader school community. Through improved nutrition
literacy, students may be better equipped to increase their consumption of high-quality foods,
which may in turn support overall physical health. Therefore, advancing nutrition literacy in
the school setting is important to promote healthy eating and support long-term academic
outcomes to reduce the burden of food-related diseases across the lifespan.

According to the principles of the social ecological model in which multiple spheres of
influence must be mutually reinforcing, it is imperative to recognize the impact of teachers’
knowledge, engagement with PD, and implementation of nutrition lessons on students’
health and well-being outcomes [36] and equip them as agents of change in order for
national and local policies to achieve desired aims. Previous research suggests that teachers
offer a critical role in student motivation and engagement [37]. Teacher engagement is vital
to influence student nutrition behavior and support efforts to reduce the prevalence of
childhood obesity. The consistent contact that teachers, administrators, and staff maintain
with students creates an opportunity to provide instruction and modeling of healthy
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nutrition patterns and other lifestyle habits and behaviors [24]. The preliminary results
of Healthy Schoolhouse 2.0 support the feasibility of PD sessions with teachers on health-
related constructs and content as a promising strategy to support obesity prevention efforts.

PD opportunities for teachers can help translate policy requirements into practical
strategies and applications in the classroom. To be successful, professional learning events
must both increase nutrition knowledge and also improve teacher confidence, attitudes,
and self-efficacy in these areas. As previously described, research consistently supports the
influence of teacher attitudes and self-efficacy [22,23,25,38]. Thus, to extend the influence
of educators beyond their academic and curricular subject matter expertise, specific and
appropriate training to increase knowledge in areas of health promotion and nutrition
education is needed [39,40]. We plan to continue to focus on teacher engagement with PD
in the remaining years of the project.

4.1. Strengths and Limitations

Healthy Schoolhouse 2.0 offers a feasible model for nutrition education programming
and implementation, given the competing demands educators face. In the first year of
the program, we learned that principal and/or assistant principal support is essential to
the implementation of the program and to the engagement of the participating teachers.
Teacher investment in 40–60 min of nutrition education over the course of the academic
year may have a meaningful impact on student nutrition knowledge. While nutrition
knowledge is only a single factor determining lifestyle habits in a complex environment of
structural and cultural influences, it is an essential starting point for establishing lifelong
health behaviors. In addition, the 5-year program provides students with progressive and
cumulative instruction on key nutrition topics. Furthermore, the Healthy Schoolhouse
2.0 program implements the strategy of teachers acting as role models and being actively
involved in the delivery of the intervention along with school policies that support the
availability of healthy food.

There are several limitations to this study that are important to note. Although eligible
schools were randomly allocated to the intervention or comparison groups, and all teachers
at the intervention school were provided incentives to participate, engagement in the PD
sessions at the teacher level was voluntary. However, the school setting is ideal for the
implementation and evaluation of obesity prevention programs—in other health promotion
programs, individuals who may be at high risk because of individual or environmental factors
do not participate in such programs. The Healthy Schoolhouse 2.0 program provides the
opportunity for equal participation by students regardless of nutrition risk factors. An equal
number of intervention and comparison schools are enrolled, which allows for an analysis
of multilevel intervention effects, in part because regression to the mean will impact the
comparison schools as well as the intervention schools over the five-year study period.

We consider both clustering and nesting through multilevel modeling to account
for the likelihood that students in each grade will be more highly correlated within a
cluster than between clusters, and unique aspects of the clusters themselves may confound
intervention effects. For example, Student’s t-test is predicated on the observations being
statistically independent, the assumption that the data are normal and may underestimate
standard errors, erroneously reducing p-values and increasing the risk of falsely rejecting a
null hypothesis. Ultimately, after the five-year study period, we will have the opportunity
to measure the stability of student nutrition knowledge and teacher self-efficacy over time
as well as the long-term impact of the Healthy Schoolhouse 2.0 health promotion program.

There are additional threats to internal validity that are important to acknowledge
given the quasi-experimental design. Student maturation is occurring over time that
may be interpreted as an intervention effect, particularly when examining the impact
of the Healthy Schoolhouse 2.0 intervention over the 5-year study period. Furthermore,
student SNLS testing exposure may affect scores on subsequent assessments. There may
be interactive effects of the Healthy Schoolhouse 2.0 intervention that may depend on the
level of other nutrition interventions and efforts. Student consumption and food choice
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behaviors were not examined in this feasibility study. Future research is necessary to
understand the association, if any, between student nutrition knowledge, attitudes, and
healthful eating behaviors.

The results did not reveal baseline–post changes in teacher confidence in the first
year of the program in either the intervention or the comparison schools. One explanation
is a ceiling effect and decreasing variance from the baseline to post teacher survey. The
small sample size may be an influencing factor in these findings, as many teachers did not
complete both the pre and post surveys. A possible explanation for this low response rate
for teachers may be the length of the teacher survey, which takes an average of 15 min to
complete all sections. A dose–response of the lessons implemented in the intervention
group is one potential explanation for the within-group results; however, an alternative
explanation for this first-year association may be that those teachers who participated in
the intervention school were more accepting of the intervention, open to teaching nutrition
lessons, and different from teachers who did not implement lessons. Furthermore, this
study measures secondary outcomes including nutrition literacy measures (knowledge,
attitudes, behaviors) that are assumed to be the mediators of childhood obesity.

4.2. Implications for Future Research

Future research would benefit from exploring the relationship between school-level
factors that we did not address, including how teacher knowledge may impact the integra-
tion of nutrition education into core classroom subjects: for example, identifying potential
correlations between teacher self-efficacy to deliver lessons that incorporate nutrition con-
tent. Additionally, grade level may influence the ability to include nutrition education in
lessons; specifically, lower grade levels may have more flexibility in their curricula because
younger students are not required to participate in annual state standardized testing. A fo-
cus on intervention studies in early childhood settings would inform policies and practices
to support early intervention and family engagement to reduce overweight and obesity in
young children. Finally, longitudinal research on the distal effects of nutrition education on
academic outcomes and obesity would validate claims about the benefits of policies and
practices in schools.

5. Conclusions

Health behaviors established in childhood are critical determinants of health across
the lifespan, particularly in regard to obesity prevention efforts [1]. From a public health
perspective, the school setting represents great possibilities for advancing child health.
The Healthy Schoolhouse 2.0 health promotion intervention program places teachers in a
leadership role to support children’s nutrition literacy and health. This feasibility study
addresses a need to support quality nutrition education in elementary schools. Furthermore,
this study draws attention to the powerful role teachers can have on community obesity
prevention efforts.
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Abstract: Children with obesity are at higher risk for developing cardiometabolic diseases that once
were considered health conditions of adults. Obesity is commonly associated with cardiometabolic
risk factors such as dyslipidemia, hyperglycemia, hyperinsulinemia and hypertension that contribute
to the development of endothelial dysfunction. Endothelial dysfunction, characterized by reduced
nitric oxide (NO) production, precedes vascular abnormalities including atherosclerosis and arterial
stiffness. Thus, early detection and treatment of cardiometabolic risk factors are necessary to prevent
deleterious vascular consequences of obesity at an early age. Non-pharmacological interventions
including L-Citrulline (L-Cit) supplementation and aerobic training stimulate endothelial NO me-
diated vasodilation, leading to improvements in organ perfusion, blood pressure, arterial stiffness,
atherosclerosis and metabolic health (glucose control and lipid profile). Few studies suggest that the
combination of L-Cit supplementation and exercise training can be an effective strategy to counteract
the adverse effects of obesity on vascular function in older adults. Therefore, this review examined
the efficacy of L-Cit supplementation and aerobic training interventions on vascular and metabolic
parameters in obese individuals.

Keywords: obesity; children; vascular function; aerobic training; L-Citrulline; L-Arginine; nitric oxide

1. Introduction

Overweight and obesity are defined as abnormal or excessive fat accumulation [1]. In
adults, the World Health Organization (WHO) defines obesity as a Body Mass Index (BMI)
greater than or equal to 30 kg/m2, and for children aged between 5–19 years, obesity is
considered two standard deviations above the WHO Growth Reference median [1]. Ap-
proximately 340 million children and adolescents worldwide were classified as overweight
or obese in 2016 and the prevalence is dramatically increasing [1,2]. The prevalence of hy-
pertension is greater than 70% and increases with progression of obesity grade in adults [3].
In obese children, the prevalence of hypertension is 15.27%, which is substantially higher
than 1.9% in those with normal weight [4]. Obesity is a risk factor for the development
of cardiovascular diseases (CVD) and type 2 diabetes (T2D) due to the association with
hypertension and insulin resistance [1].

In some cases, individuals are classified as obese based on BMI alone but considered
“metabolically healthy obese” (MHO) [5] since they display a normal cardiometabolic pro-
file such as optimal insulin sensitivity, blood pressure, lipid and inflammatory profiles [6].
However, although MHO individuals are relatively protected against cardiometabolic
diseases compared to metabolically unhealthy obese, MHO should not be considered
a harmless condition as they have a higher risk of developing obesity-related diseases
compared to normal weight individuals [6–8].
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Obesity is a condition strongly associated with metabolic syndrome (MetS), defined
as a constellation of physiological, biochemical, clinical and metabolic factors that are
associated with an increased risk of atherosclerosis, T2D and all-cause mortality [9]. MetS
can be diagnosed in children (10 to 16 years old) with abdominal obesity and at least two
clinical features such as elevated triglycerides, low levels of high-density lipoprotein (HDL)
cholesterol, high blood pressure (hypertension) and high fasting blood glucose (hyper-
glycemia) [10–12]. Childhood obesity and hypertension predict MetS later in life [13,14]. In
children, hypertension is a prevalent cardiovascular risk factor associated with reduced
endothelial function, increased vascular thickness and arterial stiffness [15]. A hallmark
risk factor of MetS is insulin resistance (IR) [16], which is an impairment of insulin function
to promote glucose uptake in insulin-sensitive target tissues, such as skeletal muscle and
adipose tissue [17], resulting in abnormal glucose homeostasis [16]. Fasting serum glucose
values between 86 and 99 mg/dL during childhood increase the risk of developing T2D
during adulthood twofold [18], highlighting the importance of identifying and developing
treatment strategies to prevent adult-onset of metabolic complications in obese children
and adolescents.

Obesity is also associated with elevated levels of proinflammatory adipokines released
by visceral adipose tissue that contribute to the development of IR and impaired endothelial
function [19]. Endothelial dysfunction is the result of prolonged hyperglycemia, damaging
vascular function and structure that eventually leads to CVD development [19]. Proin-
flammatory adipokines increase the production of reactive oxygen species (ROS) which
triggers the release of inflammatory cytokines, adhesion molecules and growth factors
that promote cellular oxidative stress [20]. Oxidative stress causes endothelial dysfunction,
characterized by a reduction in nitric oxide (NO) and an increase in endothelium-derived
vasoconstrictors such as endothelin-1 [19,20] (Figure 1).

Figure 1. Obesity and endothelial dysfunction. Adipocyte hypertrophy leads to release of FFA, leptin, resistin, TNFα
and IL-6 into the vascular wall, promoting inflammation, while anti-inflammatory adiponectin secretion is reduced.
Proinflammatory adipokines and hyperglycemia induce the production of ROS, which by uncoupling eNOS leads to
reduced NO synthesis and bioavailability for vasodilation, promoting a vasoconstrictor state. Cardiometabolic risk factors
contribute to endothelial dysfunction, characterized by a reduced NO bioavailability, which promotes atherosclerosis and
arterial stiffness and development of CVD. FFA: Free fatty acids; TNF-α: Tumor necrosis factor alpha; IL-6: Interleukin-6;
ROS: Reactive oxygen species; NO: Nitric oxide; eNOS: endothelial NO synthase; CVD: Cardiovascular disease; ↑: Increase;
↓: Decrease.

For these reasons, it is important to evaluate interventions to improve vascular and
metabolic function in obese individuals. There are non-pharmacological treatments that

212



Nutrients 2021, 13, 2991

can improve the cardiometabolic profile. L-Citrulline (L-Cit) is a non-essential amino acid
not used for protein synthesis, but with a key regulatory role of nitrogen homeostasis [21].
Studies in humans have demonstrated the effect of L-Cit supplementation on improving
nitrogen homeostasis and its ability to increase the L-Arginine-NO pathway [21]. In middle-
aged adults, oral L-Cit supplementation has shown to improve endothelial function [22],
blood pressure [23,24] and arterial stiffness [25] through stimulation of the L-Arginine-NO
pathway which consequently leads to vasodilation [23,26]. L-Cit supplementation has also
improved lean mass and reduce fat mass in malnourished older adults [27].

The development of childhood obesity is associated with sedentary behavior [28], and
increased physical activity is recommended to improve overall health in children with
excess adiposity [29,30]. In children and adolescents, aerobic training helps to improve
blood pressure [31,32], endothelial function [32,33], arterial stiffness [31,32] atheroscle-
rosis [32], lipid profile [32–35] and body composition [31,33,35]. The use of L-Cit plus
exercise, in middle-aged and older adults with obesity-related diseases or risks factors,
has yielded improvements in systolic blood pressure (SBP), pressure wave reflection and
aortic stiffness [23,25]. These lifestyle and dietary interventions were implemented in
middle-aged and older adults and have elicited no harmful effects. However, there is a
void in the literature regarding the efficacy of L-Cit supplementation with and without
exercise training in children and adolescents. Thus, the objective of this review is to discuss
the effects of L-Cit supplementation and aerobic training interventions on vascular and
metabolic parameters in middle-aged and older adults, and deliberate possible avenues of
research surrounding similar interventions in obese children and adolescents by observing
how obesity can lead to these cardiometabolic alterations.

2. Endothelial Function

The endothelium is a layer of cells between the vessel lumen and the vascular smooth
muscle cells (VSMC). The most important vasodilator produced by the endothelium is
NO, generated from L-Arginine (L-Arg) by endothelial-NO synthase (eNOS) [36]. NO
diffuses into the VSMC where it stimulates soluble guanylyl cyclase and subsequently
activates cyclic guanosine monophosphate, leading to a decrease in intracellular calcium
concentrations, and therefore, to relaxation and vasodilation. NO is considered an anti-
atherogenic agent and prevents platelet aggregation, smooth cell proliferation and adhesion
of leukocytes to the endothelium [37]. Therefore, vascular homeostasis depends on NO
bioavailability.

Endothelial dysfunction is a reversible pathological complication derived from re-
duced NO bioavailability and impaired vasodilation [38]. Inflammation, oxidative stress,
hypertension, dyslipidemia and IR are the main contributing factors in obesity-related
endothelial dysfunction [19] through the unbalance between increased ROS and reduced
antioxidant capacity [37]. ROS reduces levels of tetrahydrobiopterin (BH4), an essential
cofactor for eNOS [37], by inducing BH4 oxidation (BH4 to BH2) which leads to eNOS
uncoupling [39]. In obesity, a main mechanism for endothelial dysfunction is eNOS
uncoupling due to reduced L-Arg bioavailability and BH4 oxidation [38,40], leading to
less NO bioavailability and increased ROS (superoxide anion and peroxynitrite) gener-
ation [36]. Enhanced oxidative stress by ROS upregulates arginase activity/expression
competing with eNOS for L-Arg, a common substrate. Cardiometabolic risk factors (obesity,
hyperglycemia, hypertension) stimulates arginase to contribute to further ROS produc-
tion [41–43]. Arginase converts L-Arg to L-ornithine and urea, decreasing L-Arg availability
for eNOS. Evidence has demonstrated that obesity-induced endothelial dysfunction as-
sociated with arterial stiffening, hyperglycemia, hypertension, and oxidative stress were
prevented with arginase inhibition [43]. Thus, obesity-induced endothelial dysfunction
may be reversible by therapies that increase L-Arg bioavailability and induce arginase
inhibition [38,40].

Under normal conditions, insulin favors the release of NO by activation of eNOS,
and therefore, has vasodilator, anti-inflammatory and anti-atherosclerotic effects [44].
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Hyperinsulinemia contributes to increased vasoconstriction through mitogen activated
protein kinase signaling by releasing endothelin-1, a powerful vasoconstrictor agent that
promotes IR, oxidative stress and reduced NO bioavailability [44,45]. These responses
stimulate the production of pro-inflammatory interleukins which facilitates the progression
of vascular wall inflammation [19,46].

In a healthy individual, leptin inhibits insulin production in pancreatic β cells, while
insulin stimulates leptin production in adipocytes. In a state of leptin resistance, charac-
terized by hyperleptinemia, leptin ceases the inhibition of insulin production leading to a
phase of hyperinsulinemia and IR [47]. Moreover, elevated leptin in obesity contributes to
increase blood pressure through increased renal sympathetic activity [48] and oxidative
stress in VSMC, reducing vasodilation [49]. Leptin and adiponectin have antagonistic
effects on vascular tone regulation, inducing vasoconstriction and vasodilation, respec-
tively [45]. Adiponectin promotes glucose metabolism and fatty acid oxidation, contributes
to lower IR [50], and may protect against hypertension through an endothelial-dependent
mechanism [48]. Hypoadiponectinemia in obesity is associated with increased leptin [45],
IR, impaired glucose and fat metabolism, and consequently, hyperglycemia and increased
fat accumulation [50]. In summary, obesity triggers a series of cardiometabolic risk factors
that can lead to endothelial dysfunction, a complication characterized by NO reduction
that may be reversible with therapies that promote NO production.

Endothelial-Mediated Vasodilation

Flow-mediated vasodilation (FMD) is a non-invasive technique commonly used to
assess macrovascular endothelial function [15]. FMD evaluates the capacity of conduit
arteries (e.g., brachial, femoral, popliteal) to increase their diameter relative to the baseline
diameter in response to transient ischemia induced by 5 min of arterial occlusion [15].
Brachial artery FMD is considered the gold standard non-invasive measure of endothelial
function and is a predictor of CVD [15]. The increase in arterial diameter indicates the
vasodilator effect derived from local production of NO induced by increased shear stress
after rapid reperfusion. Impaired FMD is associated with atherosclerosis and arterial
stiffness [51] and is apparent in children and adolescents with chronic kidney disease [52],
T2D and type 1 diabetes mellitus [53]. It has been shown that children with obesity have a
lower FMD than normal-weight counterparts [33]. FMD may be a useful tool to utilize and
identify early vascular dysfunction in children and young adults with obesity, as many of
them may not show clinical manifestations or cardiometabolic risk factors [54].

Middle-aged adults with prediabetes showed endothelial dysfunction and increased
oxidative stress [55]. In children and adolescents, endothelial dysfunction assessed as
brachial artery FMD was inversely related to age, total and abdominal obesity, blood
pressure, fasting insulin and glucose, and homeostatic model assessment-insulin resistance
(HOMA-IR) [56–59]. IR impairs endothelial function even in children and adolescents [57].
Hyperglycemia increases the production of ROS and activity of arginase 1, which me-
diates endothelial dysfunction by decreasing L-Arg bioavailability [60]. To sum up, car-
diometabolic risk factors are associated with endothelial dysfunction, and obese children
and adolescents may present lower brachial artery FMD compared to lean counterparts;
therefore, this is a useful technique to evaluate the cardiovascular risk in the obese pediatric
population.

3. Vascular Function and Structure in Individuals with Obesity

Obesity fosters a pro-inflammatory milieu primarily due to abnormally high visceral
adipose tissue [9] leading to low-grade chronic inflammation, oxidative stress [61], IR, and
impaired endothelial function [62]. Together, this collection of risk factors, if left untreated,
may lead to the development of hypertension, atherosclerosis, arterial stiffening [15,52,53],
and ultimately, CVD and T2D in adulthood [18,63].

Adipocyte hypertrophy alters the balance of adipokines, leading to monocyte in-
filtration in the vascular wall where they are differentiated into pro-inflammatory M1-
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macrophages [19,64]. Under these conditions, adipose tissue releases free fatty acids,
proinflammatory adipokines (leptin, resistin, tumor necrosis factor alpha (TNFα), and
interleukin-6 (IL-6) into circulation, while secretion of adiponectin is reduced [19]. The
unbalance between pro- and anti-inflammatory adipokines results in the generation of
ROS, which increases vascular tone by inhibiting the synthesis and action of NO leading to
vasoconstriction [19]. Therefore, chronic inflammation and oxidative stress are mechanisms
of endothelial dysfunction in obesity [19].

Increased visceral abdominal fat is related to hypertension, the major cardiovascular
risk factor associated with obesity [65]. Overweight and obese children and adolescents
who remain obese with age are at increased risk of developing cardiometabolic diseases,
such as T2D, hypertension, dyslipidemia, and carotid artery atherosclerosis [66]. There is a
linear relationship between hypertension and obesity in White, Black, Hispanic and Asian
individuals [67]. Sustained elevations in blood pressure in obese adolescents increases
the risk of developing CVD when entering adulthood [68,69]. Individuals with obesity,
hyperglycemia, vascular oxidative stress and inflammation are at higher risk of hyperten-
sion [70]. Hypertension in individuals with obesity seems to be the consequence of several
hemodynamic, renal and neurohormonal changes caused by excess adipose tissue [71],
particularly the abdominal visceral fat. In addition, excessive sodium reabsorption in the
kidneys lead to increased extracellular fluid volume and elevated blood pressure, that
may injure blood vessels and organs [50]. Therefore, obesity, even in children, increases
the risk of having hypertension, which ultimately predisposes to vascular alterations and
development of CVD in adulthood.

3.1. Carotid-Intima Media Thickness

Atherosclerosis is the main cause of coronary artery disease, peripheral artery disease,
and ischemic stroke [72]. It is defined as a chronic inflammatory process affecting the
intima and media layers decreasing the arterial lumen, and in turn, causing reduced blood
flow and ischemia [72]. In the earliest stages, atherosclerosis begins as fatty streaks where
the accumulation of fat-filled macrophages, termed foam cells, begin aggregating within
the intima layer. The progressive accumulation of foam cells, fibrous tissue and inflam-
matory proteins within the intima forms an atherosclerotic plaque called atheroma [73].
This increase in blockage adversely affects the great arteries, mainly the aorta, coronary,
carotid, iliac, femoral and popliteal [72]. The link between atherosclerosis and obesity
is via adipokine induced inflammation, IR, and endothelial dysfunction [74]. Studies in
adolescents have shown an association between obesity, hypertension and IR with the
development of atherosclerosis and greater carotid intima-media thickness (cIMT) [75].

Carotid ultrasonography is a commonly used measure of subclinical atherosclero-
sis [76]. Several studies have evaluated the lumen–intima and media–adventitia interfaces
in relation to carotid far wall histology [77–79]. The distance between these interfaces re-
flects the cIMT [80]. An increase in cIMT is considered to reflect early arterial abnormalities
that ultimately result in an atherosclerotic plaque [77]. cIMT is an independent predictor of
CVD and a marker of subclinical organ damage [78]. Hypertension is a major determining
factor for cIMT progression [79]. Indeed, high SBP has been associated with a greater
change in cIMT, which is comparable with the effects of obesity and T2D [75]. In these
populations, hypertension significantly increases the risk of higher cIMT [75].

Previous literature shows an association of cardiometabolic risk factors with increased
cIMT, which is influenced by high SBP, low-density lipoprotein (LDL) cholesterol, lep-
tin, abdominal fat, chronic inflammation and lower adiponectin levels, contributing to
endothelial dysfunction and progressive development of subclinical atherosclerosis [79,81].
Higher cIMT in children with obesity was associated with an increased risk of CVD in
adulthood [75,82], suggesting that untreated atherosclerosis can lead to myocardial in-
farction and ischemic stroke [72,73]. Zhao et al. examined the relationship between cIMT
and MHO in children and adolescents and found that cIMT was positively associated
with body weight and CVD risk factors like elevated blood pressure, triglycerides, fasting
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glucose, and low HDL cholesterol. These findings demonstrated that, even without the
presence of cardiometabolic risk factors, overweight and obese children have a higher risk
of developing CVD [8].

3.2. Arterial Stiffness

Arterial stiffness is a consequence of reduced NO availability and increased endothelin-
1 production (a vasoconstrictor), enhancing vascular tone [83]. Furthermore, arterial
stiffness worsens due to structural changes characterized by elastin fiber fragmentation
and increased type-III collagen infiltration in the artery wall (media layer); a proceeding
that is more evident in central than peripheral arteries [84]. In children with obesity, the
arterial diameter and compliance increase physiologically with growth and development,
which can compensate arterial pressure increase, but when tension (by high blood pressure)
on the aortic wall exceeds the natural adaptation point, arterial stiffness increases [54].

Although there are various methodological approaches to measure arterial stiffness,
the most recognized non-invasive technique is pulse wave velocity (PWV) using appla-
nation tonometry, which is calculated by dividing the pulse distance traveled by time
across various segments in the arterial system [84]. Carotid–femoral PWV (cfPWV) is
considered the gold standard measure of arterial stiffness because it has the strongest corre-
lation with cardiovascular morbidity and mortality in adults [85], especially in those with
hypertension [86]. Adolescents with T2D have higher aortic stiffness (cfPWV) compared
to subjects with and without obesity [75], and with elevated blood pressure, they show
higher cfPWV, regardless of obesity [15]. In young individuals, the increase in cfPWV is
attributed to arterial wall distention by increased blood pressure [87]. Brachial–ankle PWV
(baPWV), an estimate of systemic arterial stiffness, increases with age, hypertension, and
MetS [88]. The main peripheral arterial segment in baPWV is the femoral–ankle PWV
(faPWV), which measures leg arterial stiffness and is correlated with SBP, HOMA-IR and
waist circumference [89].

Children and adolescents with obesity do not necessarily show differences in arte-
rial stiffness compared to normal weight subjects. Children with obesity may have a
decrease in carotid–radial PWV (crPWV) [90] due to larger peripheral arterial diameter,
which indicates a vascular adaptation to accommodate a larger blood volume. However,
adolescents with obesity may have higher cfPWV and crPWV compared to adolescents
without obesity [91,92]. Moreover, a 5-year follow-up study showed that adolescents with
obesity from 14 to 19 years of age had a 25% increase in crPWV compared to a 3% increase
in normal-weight counterparts, indicating that childhood obesity has an adverse impact
on arm arterial structure [91]. These findings suggest that when the natural vascular
adaptation point is exceeded, they may be at a higher risk of developing CVD due to early
vascular aging.

A high pulse pressure (PP) results from an increased aortic SBP (aSBP) and a reduced
or unaffected diastolic blood pressure. Peripheral PP differs from aortic PP (mainly in
young people) due to a SBP increase towards the periphery. This increase in PP from the
central to peripheral arteries is called PP amplification and is affected by aortic stiffening
and increased wave reflection from peripheral arteries [93]. Pressure waves reflected
back to the aorta in peripheral sites, such as bifurcations and arterioles, are influenced by
the vasomotor tone and controlled by the balance between vasodilators (e.g., NO) and
vasoconstrictors (e.g., catecholamines, endothelin-1, angiotensin-II) [88]. The augmentation
index (AIx) is considered a marker of left ventricular afterload and wave reflection [94],
especially in young and middle-aged adults [95]. Due to pressure overload on the left
ventricle, increased aortic PP, SBP and AIx are predictors of cardiovascular events and
all-cause mortality in middle-aged and older adults [93]. In fact, children with obesity
show higher aSBP and PP than normal weight subjects, regardless of the presence of
dyslipidemia, hypertension or sedentarism [96,97]. A greater stroke volume ejection into
a stiffer aorta contributes to increased aSBP and PP in children and adolescents with
obesity [97], indicating a greater left ventricular overload. In young adults, the increase
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in adverse cardiometabolic risk factors (i.e., obesity, SBP, lipids, glucose, and insulin)
are associated with decreased brachial artery distensibility or increased stiffness [98].
Obesity predisposes individuals to an increased risk of CVD and the obesity-hypertension
phenotype increases this risk, accelerating an early vascular aging process. Therefore, early
detection of vascular alterations and cardiometabolic risk factors is extremely important as
well as interventions that have shown to be effective to improve cardiovascular health.

4. Effects of L-Citrulline Supplementation on Vascular and Metabolic Parameters
in Obesity

L-Cit is a non-essential amino acid that is synthesized almost exclusively by the in-
testines and has a regulatory key role in nitrogen homeostasis [21]. Circulating L-Cit comes
mainly from glutamine metabolism and endogenous synthesis of intestinal arginase, [21]
and is abundantly found in watermelon (citrullus vulgaris) [99]. Oral ingestion of L-Cit is
well tolerated [100], and safe since no toxicity or side effects in doses up to 15 g daily have
been reported [101]. L-Cit has shown greater increases in plasma L-Arg than equimolar
L-Arg supplementation [100,102,103] due to inhibition of intestinal and vascular arginase,
preventing the catabolism of L-Arg into urea and ornithine [104] and lack of absorption
and catabolism by the liver [105].

Dietary supplementation with L-Cit, either synthetic or from watermelon, increases
plasma L-Arg bioavailability via de novo synthesis. This process occurs in the kidneys as
follows: L-Cit is converted to arginosuccinate by arginosuccinate synthetase and then to
L-Arg by arginosuccinate lyase. Synthesized L-Arg is then released into the renal vein and
systemic circulation. In endothelial cells, eNOS catabolizes L-Arg to NO which diffuses into
and induces relaxation of VSMC (vasodilation) [21,104] (Figure 2). A significant increase
in plasma nitrites and nitrates (NOx) after L-Cit supplementation indicates activity of
the L-Arg-NO pathway [22,26]. An indirect way to measure NO is by quantifying its
metabolites as NOx, because NO is rapidly metabolized after it is produced [106].

Few studies have evaluated L-Cit supplementation in children and/or adolescents.
Studies have focused on conditions in children with decreased NO. For example, mito-
chondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS syndrome)
affect many body systems, especially the brain, nervous system and muscles [103]. Chil-
dren with MELAS syndrome have lower L-Cit and L-Arg flux leading to reduced NO
production compared to control group [103]. In these children, L-Cit supplementation
resulted in increased de novo L-Arg synthesis and further conversion to NO in the endothe-
lium [103]. These findings suggest that L-Cit improves the L-Arg-NO pathway in children
with MELAS syndrome.
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Figure 2. Vascular effects of aerobic training and L-Citrulline supplementation in individuals with obesity. Supplemented
L-Cit is mainly metabolized in the kidneys and converted to arginosuccinate by ASS and then to L-Arg by ASL. De novo
synthesized L-Arg is released into systemic circulation. In endothelial cells, eNOS catabolizes L-Arg to NO and L-Cit. NO
diffuses into the VSMC where it stimulates sGC and subsequently activates cGMP, leading to a decrease in intracellular
calcium concentrations and vasodilation. Aerobic training activates eNOS and reduces oxidative stress by increasing
antioxidant capacity. Thus, L-Cit supplementation and exercise training decrease atherosclerosis, arterial stiffness, and
blood pressure by improving endothelial function. L-Cit: L-Citrulline; L-Arg: L-Arginine; ASS: Arginosuccinate synthetase;
ASL: Arginosuccinate lyase; eNOS: Endothelial nitric oxide synthase; NO: Nitric oxide; VSMC: Vascular smooth muscle
cells; sGC: Soluble guanylyl cyclase; cGMP: Cyclic guanosine monophosphate; ↑: Increase, ↓: Decrease.

Microvascular endothelial dysfunction is characterized by decreased release of NO
in small caliber arteries and arterioles (such as those in the eyes, kidneys and nerves).
This process was evaluated in children and adolescents (aged 6–17 years) with multiorgan
mitochondrial disease using digital pulse wave amplitude and reactive hyperemic index
(RHI) [102]. This population had lower baseline RHI than the control group, indicating
microvascular endothelial dysfunction. They received similar dose of either oral L-Cit or L-
Arg for 2 weeks in a cross-over design. Plasma L-Arg and L-Cit concentrations and the RHI
increased 15% and 19% with both supplementations, respectively. L-Cit supplementation
increased L-Arg concentrations more than L-Arg supplementation [102]. These findings
suggest that short-term L-Arg and its precursor L-Cit are equally effective to reverse
microvascular endothelial dysfunction. Macrovascular endothelial dysfunction occurs in
arteries, such as those of the heart, brain and extremities. Morita et al. examined the effect
of L-Cit on macrovascular endothelial function in adults with vasospastic angina. They
reported increases in plasma L-Arg and brachial artery FMD after an 8-week intervention
using a daily dose of 800 mg of L-Cit [22]. To the best of our knowledge, this is the only
study that has examined the effect of L-Cit supplementation on macrovascular endothelial
function in humans. L-Cit supplementation (5.8 g/day) improves macrovascular function
by activation of the L-Arg-NO pathway [26]. Similarly, L-Cit supplementation (2 g/day) for
1 month increased plasma NO levels via inhibition of arginase activity in T2D patients [107].
Thus, L-Cit supplementation can be a viable therapeutic strategy to improve obesity and
hyperglycemia-induced endothelial function by increasing L-Arg and NO bioavailability
in middle-aged adults [22,23,26,43]. To our knowledge, there are no studies evaluating the
use of L-Cit supplementation to improve vascular or metabolic parameters in children and
adolescents with obesity. However, the improvements seen in circulating NOx as well as
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endothelial function after L-Cit supplementation in adults and in children with MELAS
suggests that benefits may be useful in obese children with cardiometabolic risk factors
(Table 1).

Impaired endothelial-dependent vasodilation precedes vascular dysfunction (e.g.,
atherosclerosis and arterial stiffness) and hypertension, which is mainly attributed to re-
duce NO bioavailability [37]. Thus, L-Cit supplementation has positive effects in several
vascular abnormalities such as hypertension and arterial stiffness [108] by improving NO
synthesis and organ blood flow and decreasing blood pressure [23,24]. A SBP reduction
was evident following L-Cit supplementation (6 g/day) for 8 weeks in prehypertensive
and hypertensive postmenopausal women with obesity [23,24]. However, no significant
reduction in SBP was observed after 6 and 15 g/day of L-Cit for 2 weeks in overweight
or obese with normal or elevated SBP, probably due to a short supplementation period
and/or inefficiency of L-Cit in non-hypertensive individuals without endothelial dysfunc-
tion [109–111]. Therefore, L-Cit supplementation can reduce blood pressure at rest in adults
with elevated blood pressure or hypertension [23,24], but not in those with normal blood
pressure [22,109]. Moreover, L-Cit has demonstrated the capacity to attenuate the increase
in blood pressure and arterial stiffness in young healthy overweight men [109] and patients
without obesity under stressful conditions [112,113].

Endothelial dysfunction is associated with increased arterial stiffness, especially in
people with hypertension [114]. Figueroa et al. found significant decreases in systemic
(baPWV) and leg (faPWV) arterial stiffness after 6 g/day of L-Cit supplementation for
8 weeks in postmenopausal women with obesity and high blood pressure [25]. Similarly,
Ochiai et al. found a reduction in baPWV after 7 days of supplementation with a similar
dose in healthy middle-aged men with increased baPWV [26]. In contrast, baPWV was not
affected by the same dose of L-Cit supplementation for 14 days in healthy men without
obesity [109]. These findings suggest that L-Cit supplementation is effective in reducing
peripheral arterial stiffness in patients with high arterial stiffness but not in healthy young
adults. Interestingly, an inverse relationship between plasma L-Arg and baPWV was seen
by Ochiai and colleagues [26], suggesting that stimulation of the L-Arg-NO pathway with
L-Cit supplementation may contribute to the decrease in arterial stiffness.

Hyperinsulinemia, a common feature of IR, might enhance vasoconstriction [44]. In
male C57BL/6J mice fed with a high-fat diet (HFD) and L-Cit (0.6 g/L) supplementation
for 15 weeks glucose and insulin levels were reduced compared to the control group [115].
In contrast, L-Cit supplementation for 11 weeks did not affect serum glucose in both
groups compared to the control group in obese/diabetic rodents. However, decreases in
insulin, HOMA-IR, total cholesterol, and free fatty acids suggested improved glucose and
lipid metabolism by L-Cit supplementation in these animal models [116]. In accordance,
male rats supplemented with L-Cit (1 g/kg/day) had lower susceptibility to lipoprotein
oxidation, indicating that L-Cit has a protective antioxidant effect [117]. Male Sprague
Dawley rats received a 4-week fructose (60%) diet to develop steatosis with dyslipidemia. L-
Cit (0.15 g/day) supplementation prevented hypertriglyceridemia and attenuated liver fat
accumulation compared to the groups that received L-Arg or glutamine supplementation,
which were ineffective. This study suggests that L-Cit acts on hepatic lipid metabolism,
partially preventing hypertriglyceridemia and steatosis [118].

Physiological levels of NO stimulate glucose and fatty acid uptake and oxidation in
insulin-sensitive tissues, while inhibit the synthesis of glycogen and fatty acids in target
tissues and enhance lipolysis in white adipocytes [119–121]. Few studies have evaluated
the metabolic effects of L-Cit in adult humans. L-Cit supplementation has improved
serum levels of NO, lipids (triglyceride, HDL cholesterol), glucose control (insulin, glucose,
glycated hemoglobin (HbA1c), HOMA-IR), and inflammation (TNF-α and C-reactive
protein) in patients with obesity and T2D [107,122]. Further studies are required to evaluate
the effects of L-Cit supplementation on lipid and glucose metabolism in individuals with
obesity including children and adolescents.
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High fat and low muscle mass in individuals with obesity adversely affect car-
diometabolic risk factors, promoting hyperglycemia, hypertension, and dyslipidemia,
among others [123,124]. Evaluating body composition, male rats that received L-Cit
(1 g/kg/day) supplementation decreased fat mass and increased total body lean mass,
which is mainly muscle, compared with control rats [117]. Another study evaluated obese
mice, where those treated with L-Cit had lower food intake and body weight than the
control group. In HFD fed Sprague Dawley rats, the expression of proopiomelanocortin in
the hypothalamus, a food intake suppression peptide, was significantly higher in the L-Cit
group compared to the control group. Therefore, L-Cit supplementation may decrease
body fat mass by appetite suppression, leading to metabolic improvements [116]. In older
malnourished humans, 10 g of L-Cit supplementation for 3 weeks increased systemic
amino acid availability necessary for protein synthesis in skeletal muscles. In older women,
L-Cit supplementation increased total body lean mass (~1.7 kg) and decreased fat mass
(~1.3 kg) [27]. More studies are required to evaluate the effects of L-Cit supplementation
on body composition in children and adolescents with obesity.

5. Effects of the Aerobic Training in Children and Adolescents with Obesity on
Vascular and Metabolic Parameters

According to the WHO, children and adolescents aged 5–17 years should do at least
60 min of moderate-to-vigorous intensity physical activity daily, most of which should be
aerobic to provide health benefits [125]. Vigorous intensity activities should be incorporated
at least three times per week, including those that strengthen skeletal muscles [125]. A
main cause of overweight and obesity is physical inactivity [126] which results in low
maximal oxygen consumption (VO2 max) and is associated with MetS and cardiometabolic
risk factors in children and youths [127]. Physical activity yields multiple health benefits
like improved vascular, metabolic and body composition parameters described in the
next paragraphs. The articles included in this section, the type of training (walking or
jogging [34], jump rope [31,35] and high intensity interval training (HIIT) [32,33]), intensity
(moderate and high), session duration (4 to 60 min), frequency (3–5 days per week), and
training duration (12–32 weeks) are described in Table 2. An increase in VO2 peak [32,35]
and a decrease in resting heart rate was found in children after aerobic training [31], which
can be related to lower cardiometabolic risk, as elevated resting heart rate is associated
with hypertension and elevated triglycerides, glucose and abdominal adiposity in children
and adolescents [128].

Elevated blood pressure in children increases the risk of hypertension development
during adolescence [129]. Previous studies using supra HIIT (170% peak power output)
and jump rope (low-to-moderate intensity) exercises have seen decreases in SBP in pre-
hypertensive and hypertensive children with obesity [31,32]. This reduction in SBP by
3 to 10 mmHg, respectively, is relevant to improve cardiovascular health as many newly
diagnosed children with hypertension experience cardiovascular damage [130].

Aerobic exercise training has shown promising results on improving brachial artery
FMD in children and adolescents. A significant improvement on FMD was evident after
HIIT [32,33]. Consistent with these findings, others have reported increases in circulating
NOx levels after the exercise interventions [31,32]. These findings demonstrate the ben-
eficial effects of aerobic exercise training on improving endothelial NO production and
endothelial function in obese children [131].

221



Nutrients 2021, 13, 2991

T
a

b
le

2
.

C
ha

ra
ct

er
is

ti
cs

of
ch

ild
re

n
an

d
ad

ol
es

ce
nt

s
w

it
h

ob
es

it
y

an
d

ae
ro

bi
c

tr
ai

ni
ng

.

A
rt

ic
le

T
o

ta
l

S
a

m
-

p
le

G
ro

u
p

In
te

rv
e

n
ti

o
n

G
ro

u
p

E
x

e
rc

is
e

T
ra

in
in

g
C

h
a

ra
ct

e
ri

st
ic

s

S
a

m
p

le
F

e
m

a
le

M
a

le
A

g
e

(Y
e

a
rs

)
B

o
d

y
M

a
ss

In
d

e
x

(k
g

/m
2
)

T
ra

in
in

g
In

te
n

si
ty

S
e

ss
io

n
(M

in
u

te
s)

F
re

q
u

e
n

cy
(D

a
y

s/
W

e
e

k
)

D
u

ra
ti

o
n

(W
e

e
k

s)

[3
5]

17
5

Ex
er

ci
se

90
55

35
9.

7
(9

.5
,9

.8
)

25
.9

(2
5.

0,
26

.9
)

Ju
m

p
ro

pe
H

R
>1

40
bp

m
40

5
32

C
on

tr
ol

85
47

38
9.

7
(9

.5
,9

.9
)

25
(2

4.
4,

26
.8

)
N

/A
N

/A
N

/A
N

/A
N

/A

[3
2]

48

H
II

T
11

0
11

11
±

0.
3

24
.2
±

1.
0

H
II

T:
8
×

2
m

in
in

te
rv

al
s

90
%

PP
O

24
3

12

Su
pr

a-
H

II
T

15
0

15
11
±

0.
2

26
.5
±

0.
9

Su
pr

a
H

II
T:

8
×

20
s

in
te

rv
al

s
17

0%
PP

O
4

3
12

C
on

tr
ol

11
0

11
10

.6
±

0.
3

53
.6
±

4.
0

N
/A

N
/A

N
/A

N
/A

N
/A

[3
4]

11
8

A
er

ob
ic

ex
er

ci
se

38
13

25
14

.4
±

1.
6

>8
5t

h
pe

rc
en

ti
le

W
al

ki
ng

/j
og

gi
ng

60
–6

5%
V

O
2

40
–6

0
3

24

[3
1]

40
Ex

er
ci

se
20

20
0

15
±

1
26

±
3

Ju
m

p
ro

pe
40

–7
0%

H
R

R
50

5
12

C
on

tr
ol

20
20

0
15

±
1

25
±

2
N

/A
N

/A
N

/A
N

/A
N

/A

[3
3]

38
Ex

er
ci

se
25

13
12

15
.1
±

1
28

±
3

H
II

T:
2–

6
(1

00
m

ru
nn

in
g

sp
ri

nt
s)

N
P

10
–2

2
3

12

Th
e

va
ri

ab
le

s
ar

e
pr

es
en

te
d

as
m

ea
n
±

st
an

da
rd

de
vi

at
io

n
(S

D
)o

r
m

ed
ia

n
(r

an
ge

s)
.N

/A
:n

ot
ap

pl
ic

ab
le

;N
M

:n
ot

m
ea

su
re

d,
in

st
ea

d
ob

es
ity

w
as

co
ns

id
er

ed
≥

25
.0

%
fo

r
m

en
an

d
≥

35
.0

%
fo

r
w

om
en

;M
IC

T:
m

od
er

at
e-

in
te

ns
ity

co
nt

in
uo

us
tr

ai
ni

ng
;H

II
T:

hi
gh

-in
te

ns
ity

in
te

rv
al

tr
ai

ni
ng

;b
pm

;b
ea

t/
m

in
ut

e;
H

R
:h

ea
rt

ra
te

;H
R

R
:h

ea
rt

ra
te

re
se

rv
e;

H
R

m
ax

:m
ax

im
um

he
ar

tr
at

e;
PP

O
:p

ea
k

po
w

er
ou

tp
ut

;V
O

2:
m

ax
im

al
ox

yg
en

co
ns

um
pt

io
n;

N
P:

no
pr

es
cr

ip
ti

on
.

222



Nutrients 2021, 13, 2991

Boys with obesity showed a decrease in cIMT (~0.2 mm) after HIIT and supra HIIT
(90% and 170% peak power output, 24 and 4 min, respectively, 3 times per week, during
12 weeks) [32]. Interestingly, meta-analytic data suggests that a longer aerobic exercise du-
ration per week may yield small-to-moderate decreases in cIMT. This finding suggests that
structural atherosclerotic changes can be reversed with regular aerobic exercise programs
in obese children [32], as subclinical carotid atherosclerosis is the most common cause of
CVD among children and adolescents [132].

Children and adolescents with obesity had a reduction in arterial stiffness (~0.7 to
0.8 m/s), measured with baPWV, an arterial segment that includes the aorta and leg arteries.
The training protocols consisted of jump rope (at moderate-intensity for 12 weeks) [31],
HIIT and supra HIIT [32]. In children and adolescents, hypertension may lead to increased
arterial stiffness [54], and thus reductions in SBP may explain decreases in baPWV [31,32].
Participants had higher SBP at baseline (>120 mmHg) [31,32] than other studies that
found no significant reductions in cfPWV [34,35]. Given that aerobic training at moderate-
and high-intensity reduces baPWV but not cfPWV, these findings indicate a reduction in
peripheral PWV.

Aerobic training at moderate-to-high intensity for 4–60 min improved at least one
lipid parameter (total cholesterol [32,34], LDL cholesterol [32] triglycerides [32,33] or HDL
cholesterol [35]) in obese children and adolescents. In a systematic review, the magnitude of
the effects of aerobic training on the metabolic profile of obese children was associated with
the intensity (≤75% heart rate max) and duration (60 min) and frequency (3 times a week)
of the exercise session [133]. These findings suggest that high-intensity aerobic exercise
sessions could be efficient in improving lipid profile in obese children and adolescents.
However, diet must be monitored to yield such improvements.

Aerobic training shows a favorable impact on body composition in children and
adolescents with obesity, of which had a reduction in waist circumference [31,33], total body
fat percentage [31,35], and increases in lean mass [31] after aerobic training at moderate-to-
high intensity for 12–32 weeks. One study shows that waist circumference is associated
with aerobic capacity (an important health-related factor) in boys and girls [134]. These
studies suggest that aerobic training is fundamental to achieve beneficial changes in fat
and muscle mass, thus, a lower cardiovascular risk in children with obesity.

Exercise training in children and adolescents with obesity showed positive effects on
cardiometabolic risk factors (Table 3). It is important to emphasize that exercise recommen-
dations for children are designed for the prevention of cardiometabolic risk factors as well
as depression and anxiety [125]. Therefore, aerobic training should be included in CVD
prevention and treatment programs in children and adolescents with obesity.

6. Effects of L-Citrulline Supplementation and Exercise Training in Individuals with
Obesity on Vascular and Metabolic Parameters

The interest on the potential synergistic or additive effect of L-Cit supplementation
and exercise training is supported by improvements in vascular and metabolic param-
eters. Aerobic training improves body composition, lipid profile, endothelial function,
atherosclerosis, arterial stiffness, and blood pressure in children and adolescents with
obesity [31–35]. L-Cit supplementation increases the bioavailability of L-Arg and NO to
enhance vasodilation [22,23,26], improve arterial stiffness, and regulate blood pressure
by having an antihypertensive effect in adults [23,24], and may improve endothelial func-
tion in children and adolescents with obesity with lower NO production and endothelial
dysfunction [102,103]. L-Cit supplementation has also demonstrated to improve glucose
control [107,122], muscle protein synthesis [27], and body composition (lean mass and fat
mass) [116] (Figure 3). The combination of aerobic exercise training and L-Cit supplementa-
tion on metabolic and cardiovascular parameters in obesity has only been studied in adults
(Table 4). The most important benefits are discussed below.
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Figure 3. Cardiovascular improvements with L-Citrulline supplementation and moderate-to-high intensity aerobic training.
In children and adolescents with obesity and cardiometabolic alterations, aerobic training helps to improve blood pressure
(SBP), endothelial function (NO and FMD), atherosclerosis (cIMT), arterial stiffness (baPWV), dyslipidemia (triglycerides,
total cholesterol, LDL-C and HDL-C), and body composition (waist circumference and total body fat). L-Cit supplementa-
tion in adults with cardiometabolic alterations helps to improve NO production, blood pressure (SBP), arterial stiffness
(baPWV and faPWV), dyslipidemia (triglycerides and HDL-C), glucose control (insulin, glucose and HOMA-IR) and
body composition (total body fat and lean mass). L-Cit: L-Citrulline; SBP: systolic blood pressure; NO: nitric oxide; FMD:
flow-mediated dilation; cIMT: intima–media thickness; baPWV: brachial–ankle PWV; LDL-C: LDL cholesterol; HDL-C:
HDL cholesterol; faPWV: femoral–ankle PWV; HOMA-IR: homeostatic model assessment-insulin resistance; ↑: Increase;
↓: Decrease.

Hypertension is the most important risk factor for CVD in adults. Effective interven-
tions are constantly searched to improve blood pressure. Obese postmenopausal women
received L-Cit (6 g/day), whole-body vibration training (an alternative strength training
modality) or the combination of both interventions for 8 weeks [23]. All groups similarly
decreased SBP, indicating that this combined intervention has no additive effect on blood
pressure at the prescribed dose and duration. However, the combined intervention was
more effective than each individual intervention to decrease pressure wave reflection
and aortic stiffness, which may be clinically significant for postmenopausal women with
elevated blood pressure and hypertension [23,25]. These findings showed that the combi-
nation of exercise training (WBVT) and L-Cit supplementation have beneficial effects on
arterial function in obese postmenopausal women [23,25]. This population is of special
interest because they have higher risk of CVD attributed to aging and sex-related increases
in aSBP, wave reflection, and proximal aortic stiffness [135]. However, these studies do not
represent the entire population of adults with obesity, and WBVT is not a conventional
strength training modality.

There are no studies evaluating the metabolic effects of combined exercise training and
L-Cit in individuals with obesity. In a study by Buckinx et al., two groups of healthy older
adults without obesity combined HIIT with L-Cit supplementation (10 g/day) or placebo
for 12 weeks with no impact on metabolic markers (glucose, insulin, HOMA-IR or lipid
profile) [136], as they had no basal metabolic abnormalities. Given that the cardiometabolic
effects of oral L-Cit might be via de novo L-Arg synthesis, L-Cit and L-Arg supplementation
may produce similar metabolic effects. In a randomized placebo-controlled trial, two
groups of middle-aged adults with obesity and T2D received a low-calorie diet and exercise
training (both aerobic and resistance) combined with either L-Arg supplementation (8.3 g)
or placebo for 3 weeks. Compared with the placebo group, L-Arg supplementation had an
additive effect on vascular function, glucose and lipid metabolism, and fat mass as well as
prevented the loss of muscle mass associated with hypocaloric diet [137]. Since oral L-Cit is
more efficient than L-Arg for increasing plasma L-Arg availability, L-Cit supplementation
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combined with exercise training may have similar or possibly greater beneficial effects
on vascular and metabolic function than those observed with L-Arg supplementation.
However, clinical trials are needed to validate this hypothesis.

Several studies have evaluated the effect of exercise training and L-Cit supplementa-
tion on anthropometric parameters, finding no significant changes in BMI [23,25,136,138].
Buckinx et al. studied older adults with obesity and muscle weakness who performed
HIIT with L-Cit supplementation (10 g/day) or placebo for 12 weeks. Although there were
no significant increases in lean mass with HIIT and L-Cit supplementation, a decrease in
total and leg fat mass percentages were noted after HIIT and L-Cit supplementation [138].
Despite the lack of impact on muscle mass, HIIT with L-Cit improved arm muscle strength
and walking speed [138], suggesting that the combination of L-Cit and HIIT may improve
total body fat loss and increase strength more than exercise training alone.

A research group examined the effects of strength training (WBVT) combined with
L-Cit or placebo on body composition and muscle strength in obese postmenopausal
women. It was found that WBVT alone and WBVT plus L-Cit supplementation had similar
significant decreases in body fat percentage [25]. L-Cit supplementation and WBVT favored
the increase in leg lean mass compared with the WBVT and placebo groups. However,
the improvements in leg muscle strength were similar with or without L-Cit, indicating
no additional benefit of L-Cit in postmenopausal women with obesity. Although L-Cit
combined with unconventional strength training had additive positive effects on arterial
stiffness and muscle mass in obese postmenopausal women [25], the impact on endothelial
function as a potential mechanism was not examined. These findings suggest that both
types of training (HIIT and WBVT) combined with L-Cit supplementation have beneficial
effects on body composition.

To our knowledge, only the studies reviewed in this section have reported effects
on vascular and muscular parameters using L-Cit in combination with different types of
exercise training in adults with obesity. There are no studies evaluating changes in glucose
metabolism or lipid profile in individuals with obesity using L-Cit plus exercise training. As
a limitation, in the reviewed studies, the individuals without obesity did not have metabolic
alterations to evaluate the effect of these combined interventions. Another limitation is
that L-Cit has not been evaluated in combination with resistance training. Unfortunately,
the combination of L-Cit plus aerobic training has not been examined in children and
adolescents. The studies that investigated L-Cit supplementation in children focused on
improving a specific condition, such as MELAS. Randomized, placebo-controlled studies
are required to evaluate the combination of these two interventions in children and ado-
lescents with obesity because results of previous studies suggest that L-Cit and exercise
training can be an effective strategy to counteract the effects of obesity on vascular and
metabolic function at early stages of life.
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7. Conclusions and Remarks

Children and adolescents with obesity may have early vascular aging characterized
by endothelial dysfunction, elevated blood pressure, arterial stiffness, and multiple car-
diometabolic risk factors that increases the risk of CVD development in adulthood. Aerobic
training is essential to reduce cardiometabolic disorders associated with obesity in children
and adolescents. Interventions at moderate-to-high intensity for 12–32 weeks have showed
positive effects on endothelial function, arterial stiffness, atherosclerosis, blood pressure,
and IR. L-Cit supplementation increases the bioavailability of L-Arg and NO in children
and adults. In adults, L-Cit supplementation has shown to be effective for improving blood
pressure, arterial stiffness, body composition (lean and fat mass), and metabolism (glucose
and lipid profile), especially in obese individuals. The WBVT and L-Cit supplementation is
an effective strategy to improve cardiovascular and muscular health in adults with obesity;
thus, further studies are needed to test the effectiveness of this combination in children
and young adults with obesity and cardiometabolic alterations.
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Abstract: (1) Background: Few studies have investigated (demographic) correlates of (prevalent)
overweight rates among early adolescents, especially from higher socioeconomic positions (SEP)
in developing countries, such as Indonesia. The current study aims to fill this gap. (2) Methods:
Participants included 411 adolescents from five private schools in Indonesia. Adolescents’ weight
and height were measured, and adolescents completed questionnaires on demographic factors (i.e.,
sex, school area, ethnicity, pocket money) and previous year dieting. (3) Results: Results showed
that more than one-third of the sample was overweight, with higher rates among adolescent males
(47%) than females (24%). Moreover, adolescents attending schools in urban areas (compared with
suburban areas), and those reporting past dieting (compared with those reporting no dieting) had
higher overweight rates. Ethnicity and the amount of pocket money were not related to overweight
status. Finally, a clear sex-specific interaction was found involving school area, showing that males in
urban areas had a significantly higher risk to be overweight, whereas this did not apply to females.
(4) Conclusions: males from urban area private schools in Indonesia may be an important target
group for future preventive overweight interventions.

Keywords: obesity; overweight; developing countries; Indonesia; adolescents; sex differences;
demographic; high SEP

1. Introduction

The prevalence of obese and overweight individuals has continued to increase over
the past years, particularly in developing countries, such as Indonesia [1–3]. In contrast to
Western countries, obesity is positively related to socioeconomic position (SEP) in many
developing countries [4–6], meaning that being overweight is more prevalent among adults
and adolescents with higher SEP. So far, studies have suggested that in developing nations,
people with a higher SEP, compared with lower SEP, have easier access to junk food or
calorie-dense foods, which may explain the higher overweight rates, particularly in these
groups [5,6].

Adolescence is a particularly vulnerable period for the development of overweight,
not only in Western countries but also among developing countries such as Indonesia [7,8].
Moreover, overweight prevalence seems to show sex-specific differences in Indonesia.
Among adolescents, the prevalence of overweight was higher in females than in males [4,9].
The same has been found for adult populations in Indonesia (i.e., higher prevalence rates
among women compared with men) [2,4,10]. However, among children, the prevalence
of overweight was higher in boys compared with girls [4]. These (review) results suggest
some shifting sex-specific patterns during early adolescence regarding the prevalence of
overweight status. The current study has a specific focus on early adolescence, a critical
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stage where (gender-specific) lifestyle choices change, for example, because of the avail-
ability of energy-dense (junk) food and increasing peer influences in (changing) school
environments [9,11,12], with the highest possible impact among adolescents at private
schools [4].

In general, school is an environment in which adolescents spend much of their time
with peers, and where junk food is available. As such, school area (i.e., urban versus
non-urban areas or less urban) might play an important role in obesogenic behaviors,
including junk food consumption [9,13]. In line with this, some studies in Indonesia have
shown that overweight patterns differ according to school area [11,14]. Adolescents living
in urban (school) areas have higher prevalence rates of overweight status compared with
those living in less urban or rural areas [11,14]. This might be explained by their greater
access to more types of junk food or fast food compared with people living in less urban
or rural areas [9,13–15]. Moreover, previous research has also found that overweight
patterns differ according to ethnicity. To date, overweight status is more prevalent among
people with Orang Asli Malaysian compared with Chinese Malaysians backgrounds [13].
Further research is needed to examine whether and how overweight status among early
adolescents at private schools, with generally higher overweight risk, might differ according
to school area and ethnic background in Indonesia.

Furthermore, given that the amount of pocket money may be an indication of the
possibility to buy fast food, pocket money may also be related to overweight status among
early adolescents from private schools and mostly higher SEP backgrounds. Finally, studies
in industrialized countries (in Europe and America) have shown that dieting behavior is
associated with greater weight gain over time among adolescents [16]. Due to the increasing
impact of Western society on developing countries such as Indonesia, it is important to
identify whether dieting behavior is similarly linked to overweight status among early
adolescents at relatively high risk for being overweight from private schools in Indonesia.

Moreover, some previous studies among Indonesian populations have also shown sex-
specific links regarding demographic factors explaining overweight status. Specifically, two
previous Indonesian studies in adult samples showed that females from urban areas were at
higher risk to be overweight compared with males [2,5]. In contrast, one recent large-scale
study among children and adolescents (10–18 years old) has shown that, specifically, males
living in urban areas were more likely to be overweight and obese than females living
in urban areas [12]. Given these contrasting findings, it is important to further examine
sex-specific links between school area and (over)weight status among early adolescents,
particularly among those from private schools with higher overweight prevalence [4].
Another study suggested that overweight status may be more strongly linked to ethnicity
among males compared with females [17]. Finally, some studies among Western countries
also show sex-specific links between dieting and (over)weight status [14,16]. As such, we
will also explore sex-specific demographic or dieting correlates of overweight status among
early adolescents from private schools (higher SEP background).

To conclude, recent research on demographic correlates of overweight prevalence rates
among early adolescents from private schools in Indonesia is limited. However, society,
particularly around private schools (higher SEP backgrounds), might have changed rapidly
with regard to eating behavior in Indonesia (more fast-food restaurants, larger influence
from Western society [2,9]) making it urgent to explore correlates of overweight in early
adolescents at private schools in Indonesia nowadays. As such, the aim of the current study
is to examine (sex-specific) correlates of overweight status in a relatively large sample of
early adolescents from private schools.

2. Materials and Methods

2.1. Participants and Procedure

The participants in this study were part of the baseline measurement (Wave 1) from an
ongoing longitudinal study on adolescents’ weight-related behavior in Indonesia. Wave 1
took place in October until December 2019. Adolescents were recruited through five private
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junior high schools in four cities (Jakarta, Surabaya, Bandung, and Manado) in Indonesia.
A total of 411 students (47.7% females) participated. All adolescents (Mage = 12.02 years;
SD age = 0.45; range = 11.02 to 14.11 years) were in 7th grade or in their first year of junior
high school.

A letter describing the longitudinal project was initially sent to officials of school
foundations (some private schools are organized by private foundations) or directly to
school officials. If the school foundations provided approval, the agreement letter was
then sent to the principal of the schools. School officials informed both the parents and
students about the goals of the project. Parents were asked to return a signed consent
form indicating they agreed to their child’s participation. Students were also asked to
return a signed consent form indicating whether they agreed to participate in the study.
Of the five schools that agreed to participate, three schools obtained consent forms from
parents and students. The remaining two schools informed the parents about this project
(passive consent) based on the school policy and collected the signed consent forms from
students only. The original and amended (passive consent) procedures were approved by
the Ethics Committee Social Science of Radboud University, Nijmegen, The Netherlands
(ECSS-2019-115).

Researcher informed students that their participation was voluntary, that answers
would be processed confidentially and would be stored separately from personal data
(with a key file to link the data), and that they could withdraw from the study at any time.
Adolescents completed a paper self-report survey at school during one classroom hour
(approximately 60 min). In addition, adolescents’ weight and height measures were taken
by the researcher with the assistance of the school nurse. Weight and height of participants
were assessed using school equipment (stadiometer). Students were rewarded with a small
gift when they completed the questionnaires.

2.2. Measurements
2.2.1. Anthropometric Measurements

Adolescents’ height was measured to the nearest 0.1 cm with a validated stadiometer
(Seca around 217), and their weight was measured to the nearest 0.1 kg with a weighing
scale (Seca around 840). Based on the Center for Disease Control and Prevention (CDC)
2000 Body Mass Index for age growth charts for males and females, the cut-off for defining
overweight was based on the sex and age in months and BMI (weight (kg)/height (m2)).

2.2.2. Demographic Characteristics

Adolescent’s sex was coded, with 0 = female and 1 = male. School area was coded as
0 = suburban (Bandung and Manado) and 1 = urban area (Jakarta and Surabaya). We di-
vided the area based on modernization and levels of Westernization [8]. There were no
exclusion criteria involved. All students from urban and suburban areas participated
in this study. Moreover, ethnicity was coded as 1 = Javanese, 2 = Sundanese, 3 = Su-
lawesi, 4 = Tionghoa (Chinese Indonesian), 5 = other ethnic (Papua, Kalimantan, Sumatra,
and Bali), and 6 = mixed ethnicity. The percentage of Chinese-Indonesian ethnic stu-
dents was almost half of the sample (49.8%), so we decided to dichotomize ethnicity as
0 = Indonesian ethnic (Javanese, Sundanese, Sulawesi, etc.) and 1 = Chinese Indonesian.
The amount of pocket money was coded as 1 = < IDR 500,000, 2 = IDR 500,000–IDR 1,000,000,
3 = IDR 1,100,000–IDR 1,500,000, 4 = IDR 1,600,000–IDR 2,000,000, 5 = IDR 2,100,000–IDR
2,500,000, and 6 = > IDR 2,500,000. The percentage of students with pocket money less than
IDR 500,000 was more than half of the sample (63%), so we decided to dichotomize pocket
money as 0 = < IDR 500,000 and 1 = ≥ IDR 500,000.

2.2.3. Dieting Behavior

To measure previous dieting behavior, participants were asked, “In the past year, how
often did you diet in an attempt to have the same weight or lose weight?” The response
categories for this item were: 1 = never, 2 = 1–2 times, 3 = 3–4 times, 4 = 5–6 times, and
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5 = 7 times or more often. Initial inspection of the distribution of this item indicated a
substantial group of adolescents who reported no past year dieting (50.68%), so this item
was also dichotomized as 0 = no past year diet and 1 = did past year diet.

2.3. Statistical Analyses

Chi-square analyses were performed to examine univariate demographic and dieting
differences between overweight and non-overweight groups. Moreover, a logistic regres-
sion analysis was performed to explain overweight status group membership (0 = not
overweight; 1 = overweight) from several predictors. The independent variables included
in this analysis were student´s sex, school area (suburban vs. urban), ethnicity (Indonesian
vs. Chinese Indonesian), pocket money (<500,000 vs. ≥500,000), and previous dieting
behavior (never vs. did diet). Moreover, sex-specific interactions (i.e., sex by school area,
sex by ethnicity, sex by pocket money, and sex by previous diet) were tested in four sepa-
rate analyses (one interaction per analyses added to the main effects model). Statistically
significant interactions were further probed using the PROCESS module in SPSS [18].

3. Results

3.1. Descriptive Statistics

Data from a total of 411 students were examined in this study. The sample was
equally divided according to sex (53.3% boys). In total, 59.1% of the adolescents attended a
school located in an urban area. The sample was also equally divided according to ethnic
background (51.2% Indonesians and 48.8% Chinese Indonesians). Most of the respondents
had less than IDR 500,000 per month (63%) and had not dieted (50.6%).

In the total sample, 36.3% of the adolescents were characterized as being overweight.
Chi-square independence tests indicated that overweight status was more prevalent in
males compared with females (see Table 1). Moreover, adolescents living in urban school
areas had a higher overweight prevalence compared with those living in suburban areas.
Finally, the adolescents reporting previous dieting were more likely to be overweight
compared with those who did not report dieting. Overweight status did not differ according
to ethnic background or amount of pocket money.

Table 1. Chi-square analyses examining adolescent’s overweight status differences as a function of
demographic and dieting characteristics.

Not Overweight Overweight
Chi Square p Values

n % n %

Sex
Females 146 46 24.0 24.0

23.57 <0.001Males 116 103 47.0 47.0
Ethnicity

Indonesian (Ethnicities) 135 65.5 71 34.5
0.63 0.428Chinese Indonesian 126 61.8 78 38.2

School Area
Suburban 117 69.6 51 30.4

4.27 0.039Urban 145 59.7 98 40.3
Pocket Money

<500,000 166 64.1 93 35.9
0.04 0.849≥500,000 96 63.2 56 36.8

Diet
Never diet 160 76.9 48 23.1

31.64 <0.001Diet (1—more than 5 times) 102 50.2 101 49.8

3.2. Unique Contributions of Demographics and Dieting in Explaining Overweight Status

A binary logistic regression was performed to examine the unique contributions of the
five predictors in explaining overweight status. Males were 3.28 times more likely to be
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overweight compared with females (CI 95% (2.08, 5.18)). Adolescents from urban school
areas were 1.84 times more likely to be overweight compared with those from suburban
school areas (CI 95% (1.07, 3.14)). Adolescents reporting dieting were 3.84 times more likely
to be overweight compared with their non-dieting counterparts (CI 95% (2.45, 6.03)). The
main effects of ethnicity and pocket money were not statistically significant (see Table 2).
All variables together explained 20.3% of the variance in overweight status.

Table 2. Logistic regression predicting overweight status by demographic and dieting correlates in
the total group.

B SE OR CI 95% Nagelkerke R2

Sex 1.19 ** 0.23 3.28 ** 2.08–5.18
School area 0.61 * 0.27 1.84 * 1.07–3.14

Ethnicity −0.11 0.26 0.90 0.54–1.51 20.3
Pocket money 0.02 0.23 1.02 0.64–1.61

Past year dieting 1.35 ** 0.23 3.84 ** 2.45–6.03
Note: * p ≤ 0.05, ** p ≤ 0.01. Sex: 0 = females, 1 = males; school area: 0 = suburban, 1 = urban; ethnicity:
0 = Indonesian, 1 = Chinese Indonesian; pocket money: 0 = <500,000 Rp, 1 = >500,000 Rp; and past year dieting:
0 = no dieting, 1 = dieting. B: Beta; SE: Standard Error; OR: Odds Ratio; CI: Confidence Interval.

3.3. Sex-Specific Interactions

Four separate sex-specific interaction analyses were performed, in which one interac-
tion was added to the main regression model. Of these four interactions, only the interaction
between sex and school area was statistically significant (see Table 3). The explained vari-
ance for the total model including the interaction was 21.5% (b = 0.99, SE = 0.47, CI 95%
(0.07, 1.89)). We further probed this interaction using Model 1 PROCESS module for SPSS.
The results showed that males living in urban areas were more likely to be overweight
compared with males living in suburban areas (b = 0.99, SE = 0.48, and CI 95% (0.34,
1.65)), whereas this did not apply to females (b = 0.01, SE = 0.39, and CI 95% (−0.75, 0.78)).
The other sex-specific interactions were not statistically significant.

Table 3. Logistic regression predicting overweight status by demographic and dieting correlates in
the total group including interaction effects with sex.

B SE OR CI 95% Nagelkerke R2

Sex 1.19 ** 0.23 3.28 ** 2.08–5.18
School area 0.61 * 0.27 1.84 * 1.07–3.14

Ethnicity −0.11 0.26 0.90 0.54–1.51 20.3
Pocket money 0.02 0.23 1.02 0.64–1.61

Past year dieting 1.35 ** 0.23 3.84 ** 2.45–6.03
Sex *school area 0.98 * 0.47 2.67 1.07–6.63 21.5

Sex * pocket money −0.61 0.47 0.54 0.21–1.38 20.7
Sex * ethnicity 0.87 0.46 2.39 0.97–5.90 21.3

Sex * past year dieting −0.46 0.49 0.63 0.24–1.66 20.5
Note: * p ≤ 0.05, ** p ≤ 0.01. Two-way interactions were tested separately (one interaction per analyses added to
the main model). Total model explained variance were reported per separately tested interaction. Sex: 0 = females,
1 = males; school area: 0 = suburban, 1 = urban; ethnicity: 0 = Indonesian ethnic, 1 = Chinese-Indonesian ethnic;
pocket money: 0 = <500,000, 1 = >500,000; and past year dieting: 0 = never did diet, 1 = did diet. Sex-specific
interactions (Sex X school area): girls = b = 0.01 (CI95% (−0.75, −0.78)); boys = b = 0.99 (CI95% (0.34–1.65)) using
Model 1 PROCESS module for SPSS.

4. Discussion

The current study aimed to examine the (sex-specific) demographic and dieting factors
that potentially explain overweight status among a relatively large group of Indonesian
early adolescents attending private schools (i.e., higher SEP background). Children and ado-
lescents from private schools are more likely to be obese [4] and early adolescents’ weight
is predictive of their weight status in adolescence and adulthood [11]. Finding correlates of
overweight in this specific period might give insights for future prevention or intervention
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and may have both direct and longer-term health benefits. Our findings showed that the
general prevalence rate of overweight in this early adolescent sample at private schools was
relatively high (i.e., 36.3%) compared with previous national prevalence rates (i.e., 16%) [11].
The seemingly higher percentage of overweight status among adolescents from higher SEP
backgrounds may be environmentally driven [4]. As mentioned, higher SEP private schools,
particularly those in urban environments, are often located in areas with more junk food
outlets [3,9]. Food outlets usually sell fried products, that are highly preferred, and these
kinds of products are highly energy dense. People from higher SEP backgrounds often
opt to eat out rather than at home, and food served in restaurants or food outlets usually
contains more calories [3,15,19]. In addition, most Indonesian parents from higher SEP
are proud when their children look big or fat, reflecting a higher socioeconomic status [3].
Together, these factors may probably explain the relatively high overweight prevalence rate
in our study sample.

The relatively high overweight prevalence in our sample makes further insights into
(sex-specific) demographic correlates even more interesting, given the increased statistical
power to detect effects. We found that males were almost four times more likely to be
overweight than females. This result is consistent with most previous studies among
Indonesian children [4,9]. However, these findings are in contrast with previous studies
among adolescents and adults, where prevalence rates are mostly reported to be higher
among females compared with males [2,4,10]. Our findings indicate that early adolescent
males are (still) more likely to be overweight compared with early adolescent females, at
least among adolescents attending private schools. Future longer-term studies following
early adolescents to emerging adulthood are needed to further shed light on a potential
sex-specific switch in terms of overweight vulnerability. Specifically, sex-specific parental
perceptions of ideal body weight among children and early adolescents may explain the
higher prevalence rate of overweight status among (early adolescent) males. Parents seem
more supportive of higher body weights of males compared with females, possibly because
of the male body ideal (big is more ideal for males than females, [20,21]). As such, these
explanations may thus explain our sex-specific findings involving overweight status, given
that parents may still have a considerable influence on what their children eat (potentially
impacting their weight development) during early adolescence [22].

We also found a significantly higher prevalence of overweight status among Indone-
sian adolescents who attended schools in urbanized areas compared with those in suburban
areas. This has similarly been reported before among children and adolescents [4,11,23].
However, this finding should be interpreted carefully in our case because we also found
a clear sex-specific interaction with school area. We found that specifically male ado-
lescents in urban school areas had higher overweight rates. This finding is in line with
another recent study among children and adolescents in Indonesia [11], but in contrast with
previous studies among adults showing that females from urban areas were the ones at
highest risk [2,5]. We speculate that (early adolescent) males may be more vulnerable to these
unhealthy urban environments with junk food cues from fast-food outlets, as they often
show higher efforts to get food as a reward compared with females [22,24]. As such, males
might be more likely to actively search for food rewards, which are more often satisfied
in high junk food environments. This, in combination with parents possibly more often
encouraging adolescent males to gain weight [21], might explain our sex-specific interaction
among early adolescents.

In our study, ethnicity was not related to overweight status, which is in contrast
with some previous studies [13,25]. However, our findings involving ethnic background
are consistent with the results of a previous study investigating adolescents from other
Indonesia regions (i.e., Surakarta). This study also found no significant differences between
Javanese and Chinese Indonesian adolescents [17]. So it might be that ethnicity findings
regarding overweight status are dependent upon the specific Indonesian region (and
ethnicities) being examined.
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A final result of our study is that adolescents who dieted in the previous year were
more likely to be overweight. This finding is in line with well-known findings from Western
countries, with recent dieting considered to be a potential proxy of the susceptibility to
weight gain [26]. It might be that dieting is unsuccessful and interspersed with binge eating
episodes, thus leading to weight gain. Dieting may also be the consequence of being
overweight [16]. Further longitudinal research is needed to unravel the directionality
of these associations. Importantly, the fact that the dieting findings in this study were
rather similar to the ones reported in previous European and American studies, suggests
overlap in terms of overweight correlates between higher SEP Indonesian adolescents and
adolescents from Western countries.

One notable strength of our study is the inclusion of a relatively large sample of
early adolescents from specifically private schools, who are at higher risk for obesity,
as also supported by our study findings. Another strength is that we used objectively
measured weight and height to determine overweight status. Nevertheless, a couple
of limitations should also be mentioned. First, we did not include clear markers for
determining “socioeconomic” differences (except pocket money) within our higher SEP
group of adolescents from private schools. The amount of pocket money that adolescents
received might not reflect socioeconomic position differences. The income of the family per
year might have been a better indicator (i.e., [5,12]). Nevertheless, as our total sample was
recruited from private schools only, we are rather confident that most adolescents were from
mid-to-high SEP backgrounds. Second, as our data are limited by a cross sectional design,
we, therefore, do not know the underlying mechanism explaining the observed associations.
Future longitudinal studies could shed more light on (predictors of) weight development
in specific subgroups, such as males from urban areas compared with suburban areas.

Despite these limitations, our study examining (sex-specific) demographic correlates
of overweight status among early adolescents from private schools in Indonesia filled an
important gap in the current literature. We have speculated about the most prominent
(mostly nutrient-related) mechanisms explaining our findings. Nevertheless, future re-
search should further unravel the underlying (energy intake and expenditure) mechanisms
explaining why particularly early adolescent males from urban school areas are more
likely to be overweight. This will provide further tools for future tailored preventive
interventions. We suggest that this early adolescent phase is a promising period for timely
preventive interventions, given that adolescent overweight and obese status in Indonesia
is more rapidly increasing in older compared with younger adolescents [8]. To conclude,
our findings suggest that males from urban area private schools in Indonesia may be an
important target group for future preventive overweight interventions.
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Abstract: Obesity has become a rising global health problem affecting quality of life for adults. The
objective of this study is to describe the prevalence of obesity in Indonesian adults based on the
cluster of islands. The study also aims to identify the risk factors of obesity in each island cluster.
This study analyzes the secondary data of Indonesian Basic Health Research 2018. Data for this
analysis comprised 618,910 adults (≥18 years) randomly selected, proportionate to the population
size throughout Indonesia. We included 20 variables for the socio-demographic and obesity-related
risk factors for analysis. The obesity status was defined using Body Mass Index (BMI) ≥ 25 kg/m2.
Our current study defines 7 major island clusters as the unit analysis consisting of 34 provinces in
Indonesia. Descriptive analysis was conducted to determine the characteristics of the population and
to calculate the prevalence of obesity within the provinces in each of the island clusters. Multivariate
logistic regression analyses to calculate the odds ratios (ORs) was performed using SPSS version
27. The study results show that all the island clusters have at least one province with an obesity
prevalence above the national prevalence (35.4%). Six out of twenty variables, comprising four
dietary factors (the consumption of sweet food, high-salt food, meat, and carbonated drinks) and
one psychological factor (mental health disorders), varied across the island clusters. In conclusion,
there was a variation of obesity prevalence of the provinces within and between island clusters. The
variation of risk factors found in each island cluster suggests that a government rethink of the current
intervention strategies to address obesity is recommended.

Keywords: body weight; Indonesia; islands cluster; multiple logistic regression; obesity; risk factor

1. Introduction

Obesity is a major public health issue causing multiple burdens of co-morbidities
and mortalities among adults. The World Health Organization (WHO) reported that
globally 39% of adults were overweight and 13% were obese, and this number has nearly
tripled within the last three decades [1]. In Indonesia, the obesity prevalence has increased
significantly from 18.8% in 2007 to 26.6% in 2013, with a slight decrease in 2018 (21.8%) [2–4].

There are many statistical methods for analyzing large-scale study data. The machine
learning method is a powerful statistical analysis approach that can be used for predictive
model development of health outcomes. A recent systematic review reported various
machine learning techniques that were performed to predict adult obesity from nationwide
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and large cross-sectional data, finding that logistic regression analysis had the highest
accuracy in predicting obesity [5,6]. This finding is in line with our previous study [7],
which found that logistic regression had the highest performance in predicting and mea-
suring obesity. Predicting obesity risk factors by considering determinant variables can be
advantageous to design and modify local existing nutrition programs and policies better
for controlling the obesity problem.

To the best of our knowledge, this is the first study re-analyzing cross-sectional Indone-
sian Basic Health Research (RISKESDAS in Indonesian) data based on the main islands in
Indonesia (we use the term “island clusters”). A previous study in Indonesia investigat-
ing the determinants of obesity among adults using the 2007 and 2013 RISKESDAS data
concluded that the prevalence of obesity and risk factors varied among the areas [8]. How-
ever, this study only grouped the areas based on Indonesia’s three different time regions,
which might cause bias within the three groups. Therefore, further analysis for obesity
determinants in regions with similar population characteristics is essential to minimize the
variation bias. We clustered the provinces located on the same island into one cluster as
the population characteristics within the same island cluster, assuming that within-island
populations share more characteristics than clusters determined only by the time zone.

The main aim of this study is to examine the factors contributing to obesity in adults
and investigate how these varied across the island clusters. This study also describes the
prevalence of obesity in seven island clusters in Indonesia and reveals what factors increase
or decrease the risk of obesity.

2. Materials and Methods

2.1. Data Source

Secondary data analysis performed in the current study was based on the data from the
RISKESDAS study, a nationally representative cross-sectional study in Indonesia conducted
by the Ministry of Health in 2018. Detailed information regarding methods, ethical con-
siderations, and other related aspects of the RISKESDAS study is published elsewhere [9].
Briefly, the RISKESDAS sample was selected based on 2010 population census blocks
using multi-stage cluster random sampling. Our data for analysis comprised 618,910 adults
(≥18 years) from approximately 300,000 households randomly selected using proportionate
to population sub-samples throughout Indonesia [2].

The data can be obtained from the National Institute of Health Research and Development
(NIHRD), Ministry of Health, Republic of Indonesia upon request (https://www.litbang.
kemkes.go.id/layanan-permintaan-data-riset/, accessed on 3 May 2021).

2.2. Study Variables

Socio-demographic variables, obesity status, and selected risk factors were identified
from RISKESDAS 2018 questionnaires prior to the data request. We included 20 variables
for socio-demographic and obesity-related risk factors for analysis. The socio-demographic
variables of sex, education, employment, marital status, and urban-rural status were included.

Obesity status was calculated based on the Body Mass Index (BMI) using weight
and height. We classify an individual as obese with a BMI ≥ 25 kg/m2 following WHO
BMI cut-offs for Asian populations [10]. Mental and Emotional Disorders (MEDs) were
based on 20 items from a Self-Reporting Questionnaire (SRQ) developed by the WHO [11];
we determined a MED with the cut-off point ≥6 (positive predictive value = 70%, and
negative predictive value = 92%) [12]. The frequency of consumption of risky food items
(sweet foods and beverages, high-in-salt foods, high-in-fat foods, meats, carbonated drinks,
energy drinks, and instant foods) was measured. The eating or drinking of risky food items
more than 1 time per day was considered as high frequency consumption. Vegetable and
fruit consumption was calculated based on the WHO standard [13]; ≥5 portion per day
was determined as adequate. Smoking status was classified as “currently smoking”, “quit
smoking”, and “never smoked”, based on participant self-reporting. Physical activity in the
current analysis was based on the WHO Global Physical Activity Questionnaire (GPAQ)
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used in the RISKESDAS study; sufficient physical activity was defined according to the
WHO recommendations [14]. Drinking alcoholic beverages within 1 month prior to the
study was defined as alcohol consumption. Blood pressure was measured using systolic
and diastolic blood pressure during data collection; the 8th Joint National Committee
guideline was used to classify blood pressures [15].

2.3. Island Clusters

Indonesia is the largest archipelagic country consisting of clusters of islands divided
into 34 provinces. Our current study defined 7 major island clusters: Sumatra (provinces
included: Aceh, North Sumatra, West Sumatra, Riau, Jambi, South Sumatra, Bengkulu,
Lampung, Kepulauan Bangka Belitung, and Kepulauan Riau); Java (provinces included:
DKI Jakarta, West Java, Central Java, Yogyakarta, East Java, and Banten); Bali-Nusa Teng-
gara (provinces included: Bali, West Nusa Tenggara, and East Nusa Tenggara); Kalimantan
(provinces included: West Kalimantan, Central Kalimantan, South Kalimantan, East Kali-
mantan, and North Kalimantan); Sulawesi (provinces included: South Sulawesi, Central
Sulawesi, Southeast Sulawesi, North Sulawesi, West Sulawesi, and Gorontalo); Maluku
(provinces included: Maluku and North Maluku), and Papua (provinces included: Papua
and West Papua).

2.4. Statistical Analysis

The sample weights for the complex survey design were considered in the analysis.
Descriptive analysis was conducted to determine the characteristics of the population and
to calculate the prevalence of obesity within the provinces in each island’s cluster.

In order to calculate the adjusted odds ratios (ORs), multivariate logistic regression
analyses, which includes other variables associated with obesity, were performed. The
selection of multivariate logistic regression to develop a predictive model was based on
our prior study that showed a high-performance, including accuracy, specificity, precision,
Kappa, and Fβ [7]. Multivariate logistic regression was performed using SPSS version 27
(IBM Corp, Armonk, NY, USA). Cohen’s and Cliff’s Delta analyses were performed using
R version 4.0.1 (‘effsize’ package version 0.7.6, Marco Torchiano, 2019) to validate each
factor’s variation (effect size) of odds ratios (ORs) by island cluster. The effect sizes were
presented in four distinct categories: negligible, small, medium, and large. The effect size
was considered negligible if the score was below 0.2, a score of 0.2 to <0.5 was considered
small, 0.5 to <0.8 for medium, and 0.8 and above for a large effect size [16,17].

2.5. Ethical Considerations

Ethical approval of the RISKESDAS survey was obtained from the Ethical Committee
of Health Research, the Indonesian Ministry of Health (LB.02.01/2/KE.267/2017) [2].

3. Results

3.1. Prevalence of Obesity across Island Clusters

The purpose of this study was to describe the prevalence of obese adults by island
cluster in Indonesia and assess the risk of obesity caused by determinant factors using
the secondary data of RISKESDAS 2018. Figure 1 illustrates the estimated obesity preva-
lence distribution across Indonesia. The figure shows that all island clusters have at least
1 province in which the prevalence of obesity is more than 20%, and only 3 clusters with
at least 1 province in which more than 25% are classified as obese: Java, Kalimantan, and
Sulawesi Island.
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Figure 1. Distribution of obesity prevalence in Indonesia.

In Sumatra, North Sumatra had the highest number of obese adults, while Lampung
had the lowest (40.6% vs. 29.6%). The sequence of the regency for the highest and the
lowest obesity prevalence in other island clusters were: DKI Jakarta (45.6%) versus Central
Java (33.3%) in Java Island; Bali (38.8%) versus East Nusa Tenggara (19.1%) in Bali and Nusa
Tenggara Island; East Kalimantan (44.1%) versus West Kalimantan (30.3%) in Kalimantan
Island; North Sulawesi (46.6%) versus West Sulawesi (31.4%) in Sulawesi Island; Maluku
Utara (37.9%) versus Maluku (33.0%) in Maluku Island; and West Papua (39.6%) versus
Papua (35.0%) in Papua Island. DKI Jakarta had the highest proportion of an obese indi-
viduals, which outnumbered the national figure (45.6% vs. 35.4%), followed by Sulawesi
Utara and East Kalimantan (data displayed in detail in the Supplementary Table S1A).

Table 1 shows the breakdown of obesity prevalence in all the island clusters in In-
donesia, according to categories of the determinants associated with obesity. Notably, this
table indicates that obesity prevalence varied according to MED status. The distribution
of obesity was higher among those without MED in the Sumatra, Java, and Papua Island
clusters. In addition, a few variables show the variation of obesity prevalence by cate-
gories, including food high in salt, meat, carbonated beverage consumption, and smoking
status. Individuals with a high level of education and having a permanent job (e.g., govern-
ment/police/military officer) show a higher obesity prevalence than their counterparts.

Table 1. Prevalence of obese adults by variables associated with obesity in all island clusters
in Indonesia.

Variables Categories

Island Clusters

Sumatra Java
Bali and

Nusa
Tenggara

Kalimantan Sulawesi Maluku Papua

n = 180,292 n = 204,768 n = 50,484 n = 59,654 n = 85,006 n = 18,531 n = 20,175

BMI
category Obese 35.3 36.2 28.2 34.8 34.9 35.0 36.0

Location
Rural 31.6 29.9 21.4 29.7 31.6 30.5 32.4
Urban 40.1 39.6 36.2 40.7 39.9 42.2 43.7

Sex Men 26.3 26.8 22.3 26.8 26.2 26.8 31.3
Women 44.6 45.6 33.9 43.6 43.5 43.5 41.2
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Table 1. Cont.

Variables Categories

Island Clusters

Sumatra Java
Bali and

Nusa
Tenggara

Kalimantan Sulawesi Maluku Papua

n = 180,292 n = 204,768 n = 50,484 n = 59,654 n = 85,006 n = 18,531 n = 20,175

Marital
status Not Married 18.2 20.6 16.3 19.7 19.7 18.5 22.2

Married 39.4 39.8 31.4 38.8 39.1 39.2 38.6
Divorced 33.9 34.2 26.0 30.0 31.0 29.9 40.5
Widowed 34.5 32.5 22.4 27.8 30.3 35.9 32.8

Age group ≤47 years 34.5 36.8 28.6 35.2 34.7 34.3 35.2
48–63 years 41.0 40.1 31.9 36.9 39.6 40.4 40.9
≥64 years 25.2 22.1 16.1 23.3 23.8 26.5 24.5

Education
level Lower education 46.6 46.4 40.1 45.5 43.7 47.2 53.4

Medium education 36.5 37.9 31.5 37.5 35.8 34.4 39.5
Higher education 33.2 34.3 24.8 32.3 33.0 33.3 32.2

Occupational
status Unemployed 41.8 42.7 30.1 41.8 40.3 36.5 40.2

Students 20.2 24.7 15.2 23.1 18.5 19.4 28.7
Government/civil

workers 53.9 54.7 49.3 50.6 52.4 55.4 57.2

Private company
officer 35.0 36.3 34.8 35.9 34.0 38.8 37.3

Entrepreneur 40.1 42.3 42.9 38.4 41.8 46.9 40.9
Farmer 25.7 22.9 16.6 23.2 22.4 24.6 28.5

Fisherman 22.9 24.5 23.9 22.9 25.0 17.4 24.4
Daily labor/driver/

housekeeper 27.6 27.8 24.1 26.3 29.8 29.8 30.7

Others 39.9 39.9 28.5 39.0 39.5 42.8 42.8
Mental

emotional
status

No mental disorder 35.3 36.2 28.8 35.2 35.3 35.8 35.9

With mental
disorder 35.1 36.0 23.6 30.9 31.7 29.5 36.9

Sweet food <3 times/month 37.0 38.2 26.3 37.6 34.0 34.2 34.3
1–6 times/week 35.2 35.9 28.8 35.0 34.8 35.3 36.3

>1 time/day 33.7 35.3 29.2 32.6 35.6 34.7 37.4
Sugar-

sweetened
beverages

<3 times/month 42.9 44.3 30.4 42.6 39.1 40.5 40.5

1–6 times/week 36.3 37.5 29.1 36.2 35.4 35.1 34.4
>1 time/day 30.5 31.2 23.8 30.6 31.8 32.5 37.4

Food high in
salt <3 times/month 36.7 38.0 27.9 36.9 37.7 36.1 36.5

1–6 times/week 35.0 35.4 28.5 34.1 32.9 34.0 34.6
>1 time/day 32.4 36.2 28.9 33.9 33.1 35.1 40.5

High-fat
food <3 times/month 34.1 34.4 23.6 32.1 31.0 34.6 32.4

1–6 times/week 35.4 36.1 29.9 35.3 35.0 35.1 37.8
>1 time/day 36.5 36.8 32.8 35.7 38.4 35.1 38.2

Meat <3 times/month 35.3 35.7 27.6 34.9 34.6 34.6 34.8
1–6 times/week 34.8 37.6 31.4 34.6 36.0 36.5 39.1

>1 time/day 37.8 36.1 35.2 34.3 34.7 36.1 37.8
Soft or

carbonated
drinks

<3 times/month 35.9 36.8 28.0 35.7 35.5 35.5 36.1
1–6 times/week 30.2 31.0 29.6 29.2 31.5 32.3 34.7

>1 time/day 28.0 32.8 20.2 27.8 35.7 38.6 48.8
Energy
drinks <3 times/month 36.0 36.9 28.8 36.1 36.3 36.3 36.5

1–6 times/week 26.9 27.2 22.5 25.3 24.9 30.2 33.4
>1 time/day 26.9 27.2 18.7 24.2 26.5 31.1 37.7

Instant foods <3 times/month 38.0 37.7 29.6 36.8 37.9 38.8 36.7
1–6 times/week 33.5 35.2 27.0 34.2 33.5 33.6 35.6

>1 time/day 31.8 36.3 25.3 26.8 29.2 28.2 35.5
Vegetable

and fruit con-
sumption

Sufficient 42.5 42.7 35.3 41.7 37.8 43.2 47.4
Insufficient 35.0 35.9 27.8 34.5 34.7 34.4 35.2

Smoking Never smoked 41.7 43.4 32.7 40.9 41.5 41.2 39.4
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Table 1. Cont.

Variables Categories

Island Clusters

Sumatra Java
Bali and

Nusa
Tenggara

Kalimantan Sulawesi Maluku Papua

n = 180,292 n = 204,768 n = 50,484 n = 59,654 n = 85,006 n = 18,531 n = 20,175

Quit smoking 37.1 37.2 30.9 37.6 34.0 47.2 39.1
Currently smoking 24.0 23.5 19.1 22.7 22.9 23.7 28.7

Physical
activity Adequate 32.2 32.4 24.6 29.9 31.1 31.9 33.0

Not adequate 37.8 39.0 31.0 38.4 37.6 36.8 38.9
Alcohol

consumption
Yes 28.4 27.2 24.5 20.7 25.1 23.6 29.2
No 35.5 36.4 28.7 35.6 35.9 36.6 36.5

Blood
pressure Normal 22.3 21.5 16.4 19.9 21.6 22.5 24.1

Pre-hypertension 34.6 34.2 28.7 31.4 35.2 35.4 36.3
Hypertension

stage 1 46.1 45.1 38.5 43.8 44.9 45.9 49.2

Hypertension
stage 2 54.7 52.4 44.8 51.2 51.3 55.9 58.5

3.2. Cluster Variation of Obesity Risk Factors

The results of the logistic regression analysis are displayed in Figure 2. The variables
associated with increased odds (OR > 1) of being obese in all island clusters were the
location (X01), gender (X02), marital status (X03), occupational status (X06), high-fat food
(X11), and blood pressure (X20). Meanwhile, age group (X04), educational level (X05),
sugar-sweetened beverage consumption (X09), FV consumption (X16), and smoking status
(X17) factors statistically did not appear to increase the obesity risk in Indonesian adults.

Figure 2. Variation of obesity risk factors by island clusters in Indonesia.

These results suggest that six out of twenty variables show a variation among island
clusters. For example, adults working as a government/military/police officer are over
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represented in the data, suggesting that employment in these sectors is one of the highest
contributing factors to obesity in all clusters. However, working as an entrepreneur is
the highest contributor to obesity levels in Bali and Nusa Tenggara Islands (OR = 1.775;
95% CI: 1.764–1.786). People with mental–emotional disorders are likely to be at risk of
obesity only in Sumatra and Papua. Regarding smoking status, those who are still smoking
tend to have a normal weight status compared to their counterparts. The OR number is
displayed in more detail in Supplementary Table S2A. In order to measure the effect size of
each variable across the island clusters, we performed Cohen’s and Cliff’s Delta analyses
(Supplementary Table S3A–N).

4. Discussion

The present study found that some island clusters share common obesity risk factors,
including individual and socio-economic factors. Individual factors (e.g., sex, high-fat
food consumption, and blood pressure) and socio-economic factors (e.g., marital status,
occupational status, and location) contributed to the risk of obesity in seven island clusters,
indicating that these variables are probably strong predictors of obesity in Indonesia.

The present study showed that women have greater odds of being obese than men.
Women typically have a body fat percentage around 10% higher than men [18,19]. Al-
though other biological factors, such as age and ethnicity, also contribute to the adiposity
distribution and percentage, women still have more considerable body fat in almost all life
spans [18]. This result aligned with a previous study in a developing country that reported
that the prevalence of obesity in adult females was higher than in males. The study also
revealed that obesity was directly proportional to age, but only for females [20]. We also
performed additional analyses to measure the risk of obesity among married women. The
risk of obesity among women who were already married was likely to increase, but not for
those living in the Ambon and Papua Island clusters. This may be due to socio-economic
factors forcing women in these clusters to earn money [21], thus increasing metabolic
energy expenditure.

In this study, high-fat food consumption (X11) was shown to be the only dietary factor
that significantly contributed to the risk of obesity in Indonesian adults in all clusters.
This finding was in line with a previous study, which found that the consumption of food
containing a high-fat content was the risk factor of obesity in all regions in Indonesia and
was consistently found in 2007 and 2013 [8]. These results are likely to be related to people’s
eating habits differing by region. Eastern Indonesia tends to consume high-fat foods. It can
be seen that the clusters of Sulawesi and Bali and Nusa Tenggara have a 1.4 times higher
risk factor of being obese due to high-fat food consumption. Fat contributes significantly to
the total energy intake, and thus reducing the high-fat food consumption might balance
energy expenditure and intake [22]. Additionally, it should be noted that some fat types
have beneficial effects on obesity. For example, replacing protein and short fatty acid (SFA)
with polyunsaturated fatty acid (PUFA) has been shown to be significantly associated with
a lower obesity risk [23].

Level of education (X5), age group (X4), sweet-sweetened beverages (SSBs) consump-
tion (X9), energy drinks (X14), fruit and vegetable (FV) consumption (X16), and smoking
status (X17), on the other hand, are statistically considered a lower obesity risk. Adults
with low education levels have a lower risk of being obese than those with high education
levels. This result is inconsistent with a larger cross-sectional study that found that the
lower the years of education, the higher the odds of obesity [24]. What is surprising is
that individuals that consumed sugar-sweetened and energy beverages had lower odds
of being obese. This finding is contrary to many previous studies, which suggested that
a greater intake of SSBs was associated with being overweight and obesity in children
and adults [25,26]. This inconsistency might be due to the type of sugar contained in the
beverages. Studies have shown that fructose-sweetened beverages increase adiposity levels
more significantly than sucrose-sweetened beverages [25,27]. Unfortunately, we did not
identify the dominant type of sugar contained in the beverages. Moreover, although low
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FV consumption reduces the risk of obesity, it shows a positive effect on the interaction
between high-fat food and obesity. People with inadequate FV consumption are likely to
consume more high-fat foods than those with adequate FV in-takes.

Adults who already quit smoking had increased odds of obesity in all the island
clusters. This may be due to the effect nicotine has on the central nervous system and
metabolism with two possible mechanisms. First, people who quit smoking tobacco tend
to replace the hand-to-mouth smoking activity with eating, leading to an increase in calorie
intake. Second, taste preference is also changed among those who quit smoking to obtain a
pleasure “sensation” replacing the effect of tobacco [28]. However, this finding must be
interpreted with caution because we have no baseline data to describe how much weight
gain occurred after smoking cessation. Additionally, the use of tobacco can promote other
diseases, such as cardiovascular diseases (CVDs), hypertension, and even mortality, the
same risk posed to obese people [29]. Obesity and tobacco use do not actually show the
opposite outcomes. Combining weight management and smoking cessation treatment
might be promising in order to improve health quality and prevent the risk of metabolic
diseases related to obesity and smoking behavior.

Interestingly, mental health disorders (X7), sweet-food consumption (X8), high-salt
food (X10), meat consumption (X12), and carbonated drinks (X13) varied across the island
clusters. Health-related behaviors might be different between the island clusters due to
several factors, such as health inequalities, socio-economic status, or household depriva-
tion [30,31]. The most obvious variation was carbonated drink consumption, which is a
high-risk factor in Papua Island, but is not excessively consumed in Bali and Nusa Tenggara
Island (OR = 1.81 vs. 0.84). It seems that this variation occurs because the adult diet in Bali
and Nusa Tenggara is different from Papua. There is a great difference in OR values for
other diet factors, such as high-salt food, high-fat food, and energy drink consumption.
Similar to our findings, a study on children and adolescents found that the consumption of
SSB (including carbonated drinks) varied by race/ethnicity, sex, and age [32].

Variation among clusters was also found for the mental health disorder factor (X7).
This study shows that Papua Island had the highest risk of obesity caused by mental health
disorders. Many conditions could trigger mental health issues, including the limitation of
food choices, poor access to health services, high-risk behaviors, and poor education [33],
all of which are challenges faced on Papua Island. However, there is no information
about the source of mental health disturbance of the population. More extensive evidence
investigating the roles of mental health in mediating obesity occurrence is needed.

We also noted that physical activity was a predictor of obesity in all island clusters.
This result was consistent with many prior studies conducted in Indonesia and elsewhere
that reported that a lack of physical activity is strongly associated with obesity [34–39].
Performing sufficient physical activity might be beneficial to maintain people’s energy
expenditure and subsequent energy balance. Therefore, health promotion and education to
improve physical activity are required, especially for busy adults in urban areas.

Another important finding of our study is that the prevalence of adult obesity varied
across the regencies within the island clusters. The regency with the highest obesity preva-
lence was Jakarta (28.6%), while the highest among the island clusters was in Java (21.2%).
The breakdown of the data reveals that the obese adults in urban areas outnumbered
those in the rural areas. This difference can probably be explained by the socio-economic
characteristics of each cluster. The Java Island cluster, including Jakarta province, are
dominated by people living in urban areas or at least adjacent to urban areas. Meanwhile,
urban communities are more likely to have unhealthy lifestyles, such as sedentary behavior
and consuming more “unhealthy foods” [40,41]. Meanwhile, in the Sulawesi Island cluster
and other island clusters outside the Java cluster, the number and distribution of urban
communities is relatively fewer and uneven. A similar finding was reported by a study
in Ethiopia that found that men living in metropolitan cities were 1.8 times more likely to
become obese than those living in rural areas [36].
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The major strength of the present study is that it includes a large sample size. In
addition, using weighted factors in the analysis might generate results that more closely
represent the Indonesian population. We also acknowledge some limitations in this study.
First, the study data were collected cross-sectionally. Therefore, the causality of risk factors
and obesity should be cautiously interpreted. Second, we did not disqualify outlier BMI
measurement results in the dataset. However, this was only < 1% of the samples, which
probably caused a small effect in the analysis. Lastly, the data for high-risk foods were
collected using a non-validated questionnaire, which raised response biases of participants’
answers regarding the consumption in the past 30 days. However, since the questionnaire
was developed using neutrally worded questions, the options were not led from one to
another and did not overlap each other, so that the participants might understand and
respond more easily.

5. Conclusions

The study implies that there was a variation of obesity prevalence among the provinces
and between island clusters. This study provides evidence that obesity risk factors varied
across the island clusters, which may have implications in rethinking and redesigning poli-
cies and interventions to address the obesity problem in Indonesia. Multiple interventions
that address specifically greater risk factors considering cluster characteristics are more
likely to be effective in preventing obesity and its negative implications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14050971/s1, Table S1A: Risk factors of obesity by island clusters
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Indonesia from RISKESDAS 2018. Table S3(A–N). Effect size of odds ratios for contribution variables.
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Abstract: Few studies have investigated the influence of infant formulas made with added corn-syrup
solids on the development of child eating behaviors. We examined associations of breastmilk (BM),
traditional formula (TF), and formula containing corn-syrup solids (CSSF) with changes in eating
behaviors over a period of 2 years. Feeding type was assessed at 6 months in 115 mother–infant pairs.
Eating behaviors were assessed at 12, 18 and 24 months. Repeated Measures ANCOVA was used to
determine changes in eating behaviors over time as a function of feeding type. Food fussiness and
enjoyment of food differed between the feeding groups (p < 0.05) and changed over time for CSSF
and TF (p < 0.01). Food fussiness increased from 12 to 18 and 12 to 24 months for CSSF and from
12 to 24 months for TF (p < 0.01), while it remained stable for BM. Enjoyment of food decreased from
12 to 24 months for CSSF (p < 0.01), while it remained stable for TF and BM. There was an interaction
between feeding type and time for food fussiness and enjoyment of food (p < 0.01). Our findings
suggest that Hispanic infants consuming CSSF may develop greater food fussiness and reduced
enjoyment of food in the first 2 years of life compared to BM-fed infants.

Keywords: breastmilk; child eating behavior questionnaire; corn-syrup solids; eating behavior;
enjoyment of eating; food fussiness; formula; Hispanic; infant; obesity

1. Introduction

Added sugar is widespread in our food system and is characteristic of the Western
Style diet. This is a concern as added sugar is associated with obesity development and
a wide range of co-morbid conditions [1,2]. Evidence suggests that chronic consumption
of added sugar may affect obesity risk as it is consumed in excess and contributes empty
calories to the diet [3,4]. However, it is also postulated that early exposure to sugars may
indirectly influence obesity risk by shaping taste preferences, self-regulation of energy
intake, and the reinforcing value of food [5–9]. These eating behaviors may ultimately lead
to an overindulgence of sweet foods and rejection of bitter-tasting alternatives. This is
relevant as food manufacturers incorporate sugars in the form of added corn-syrup solids
into infant formulas and introductory solids, despite the most recent dietary guidelines
recommending zero added sugars in the first 2 years of life [4].

Human studies have shown that the introduction of added sugar in infancy influences
eating behavior in childhood. For example, infants fed added sugar before 4 months
were more likely to reject bitter and sour-tasting foods in early childhood. These infants
were found to be at an increased risk for childhood obesity [5]. Furthermore, infants that
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are fed formulas with sweet flavors have a lower acceptance of bitter tasting foods, such
as broccoli, compared to infants fed formulas with bitter flavors [10]. While the exact
biological mechanism has yet to be fully elucidated, animal studies suggest that the gut
microbiome may be a key link between early sugar exposure and infant food preferences,
leading to later obesity risk [11].

Although several studies have examined the effects of breastfeeding and formula
feeding on infant eating behaviors, no study has examined whether infant formula made
with corn-syrup solids instead of lactose as the major carbohydrate source may have
additional, potentially adverse effects. Various infant formulae have been developed
without lactose due to potential concerns of lactose intolerance, some of which use corn
syrup solids. Therefore, the aim of this study was to determine associations of breastfeeding,
traditional formula, and formula containing corn-syrup solids at 6 months with changes in
eating behaviors at and between 12, 18, and 24 months.

2. Materials and Methods

2.1. Study Participants

We obtained data from the Southern California Mother’s Milk Study, which is an
on-going longitudinal cohort study of Hispanic mother-infant dyads, as reported previ-
ously [12]. Briefly, participants were eligible if they (a) self-identify as Hispanic (mother
and father), (b) had a singleton birth, (c) intended to breastfeed for at least 3 months,
(d) enrolled within 1 month of the infant’s birth, and (e) were willing to/had the ability
to understand the procedures of the study and be able to read English or Spanish at the
fifth-grade level. Participants were not eligible if they (a) had a physician diagnosis of a
major medical illness or eating disorder, (b) had a physical, mental or cognitive issue that
prevented participation, (c) reported chronic use of medication that may affect body weight
or composition, insulin resistance or lipid profiles, (d) were a current smoker or were a user
of other recreational drugs, (e) had a pre-term/low birth weight infant or diagnosis of any
fetal abnormalities, or (f) were less than 18 years old.

At each study visit, mothers reported health history and information on breastfeeding,
which were included as covariates in the analysis [12]. Institutional review boards at
the University of Southern California and Children’s Hospital Los Angeles approved the
study. Written informed consent was obtained from all mothers prior to data collection.
Mother–infant pairs were included in the final analysis if they completed all 6, 12, 18 and
24 month visits (Figure 1).

Figure 1. Participation flow chart and distribution of participants to infant feeding type groups.
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2.2. Infant Feeding Modality Determination

Two 24 h dietary recalls were conducted with mothers over the phone by trained
bilingual research personnel. Dietary intake collection and analysis was performed using
the Nutritional Data System for Research software (NDSR) [13]. The NDSR data were
used to calculate the infants’ breastmilk and formula-type groups. Breastmilk-fed infants
were categorized based on predominant consumption type (receiving more than 80% of
feedings from breastmilk) at 6 months. Feeding type groups included infants who received
primarily human milk directly from the breast or pumped human milk from a bottle (BM,
n = 43), infants who received a traditional formula, which was lactose and cow-milk based
(TF, n = 41), and infants who received a lactose-reduced formula made with corn syrup
solids (CSSF, n = 31), in this case Enfamil Gentlease, Similac Isomil Advance, produced
by Mead Johnson & Company, LLC [14,15]. Infants in the TF group received one of the
following formulas: Similac Advance 20, Similac Advance EarlyShield, Gerber Good Start
Gentle, Enfamil A.R., and Enfamil Infant, made by a variety of formula companies.

2.3. Eating Behavior Assessment

To assess child eating behaviors at 12, 18 and 24 months, we used the Children’s Eating
Behavior Questionnaire (CEBQ), a maternal report survey tailored to children 12 months of
age and older [16–18]. The questionnaire was available in English and Spanish. The CEBQ
consists of 35 questions organized into 8 domains, i.e., satiety responsiveness, slowness in
eating, emotional under-eating, food fussiness, enjoyment of food, food responsiveness,
desire to drink, and emotional over-eating. All questions were ranked on a Likert scale of
Never (0) to Always (4), and scores were averaged within domains [16–18].

2.4. Participant Characteristics

We collected anthropometrics and sociodemographic information, including maternal
pre-pregnancy BMI (kg/m2) (determined from height and weight recall prior to preg-
nancy), infant sex, infant age (days), infant birth weight (kg), mode of delivery (vaginal vs.
Caesarean Section), and socioeconomic status index (SES). We determined socioeconomic
status using The Hollingshead Index. Students, stay-at-home parents, and unemployed
persons do not have assigned employment categories in the Hollingshead Index, therefore,
a score of zero was given to these individuals under the assumption they these participants
likely to have very little or no income. This was done in order to retain these participants
in the analyses.

2.5. Statistical Analysis

Basic descriptive statistics were calculated for infant feeding modality, eating behavior
domains, and all covariates included in the analysis. One-Way Analysis of Covariance (AN-
COVA) was performed to determine initial differences in covariates between feeding-type
groups. Model diagnostics were performed and any variables not meeting assumptions of
ANCOVA were transformed using the bestNormalize package in R, which selects the best
method to normalize the variable [19]. One-Way ANCOVA was performed at each time
point to determine differences in eating behaviors by infant feeding modality. Repeated-
Measures ANCOVA was conducted including an interaction term between time (infant age)
and infant feeding modality at 6 months, to determine differences in eating behaviors over
time as a function of infant feeding modality. For significant between-group differences and
interactions, post hoc pairwise comparisons using Tukey’s Test were performed. Based on
the literature, we adjusted for the following common covariates: maternal pre-pregnancy
BMI (kg/m2), infant breast milk feedings and formula feedings per day (in a ratio variable
of breastmilk feedings to formula feedings normalized across all children in the sample),
infant sex, infant age (days), infant birth weight (kg), mode of delivery, and socioeconomic
status index (SES). We performed reliability testing on CEBQ domain summary scores
at all timepoints, 12, 18 and 24 months, using the Psych package in R and an inclusion
alpha level of 0.7 [20]. Domains not meeting the significance level 0.7 were removed from
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analysis. RStudio was used for all analyses using R version 4.0.5 [21]. We performed a
sensitivity analysis to determine if results changed when we distinguished between two
types of breastmilk feeding. We divided breastmilk-fed infants into two groups, those
directly breastfed (BF), and those fed breastmilk pumped in a bottle (PB). We ran all sta-
tistical analyses with all four groups, TF, CSSF, BF and PB, and results did not differ from
the original analysis. Therefore, we collapsed the BF and PB groups into one breastmilk
group (BM).

3. Results

One-hundred and fifteen mother–infant pairs were included in this study. Fifty-six
percent of infants were female, and the mean infant birth weight was 3.4 ± 0.4 kg. The
mean breastmilk feedings per day at 6 months was 2.7 ± 3.4 and the mean formula feedings
per day was 2.9 ± 3.0 while the number of feedings per day was not significantly different
between breastfed and formula-fed infants. Initial maternal and infant characteristics
were similar across groups (Table 1). Twenty-seven percent of infants were in the CSSF
group, 36% in the TF group, and 37% in the BM group. Cronbach’s alpha analysis for
internal consistency of CEBQ domains suggested that the domains satiety responsiveness
(a = 0.61–0.63) and slowness in eating (a = 0.46–0.49) did not have a high enough reliability
above a = 0.70. An analysis was not performed on these domains. All other CEBQ domains
had an acceptable alpha level above 0.7 (0.71–0.83).

Table 1. Descriptive statistics based on feeding type group at 6 months (n = 115). No significant differ-
ences were found in maternal or infant characteristics between groups based on One-Way ANOVA.

Participant Characteristics
Analysis of Variance

(Between-Group Differences by Feeding Type at 6 Months)

BM * TF * CSSF * p-Values

Infant Birth Weight (mean, kg) 3.37 3.42 3.40 0.840
Socioeconomic Status Index 25.40 26.10 27.00 0.850

Infant Sex (% Female) 58% 46% 65% 0.290
Mode of Delivery (%Vaginal) 81% 76% 71% 0.580

Maternal Pre-Pregnancy BMI (mean, kg/m2) 27.20 29.40 27.50 0.140

* CSSF = Formula with Reduced-Lactose, Added-Corn Syrup Solids, BM = Breastmilk, TF = Traditional Formula.

Food fussiness was significantly different between infant feeding groups (p = 0.01).
For the CSSF group, food fussiness significant increased from 12 to 18 months (mean
increase = 0.51, p < 0.01), and 12 to 24 months (mean increase = 0.77, p < 0.001) (Figure 2).
Food fussiness did not change significantly over time for the other groups. There was a
significant interaction between infant feeding modality at 6 months and time (infant age)
in months for food fussiness (p < 0.01) (Table 2). In post hoc testing, food fussiness was
significantly greater in the CSSF group compared to the BM group at 24 months (mean
difference = 0.54, p < 0.05).

Enjoyment of food was significantly different between infant feeding groups (p = 0.001).
For the CSSF group, enjoyment of food significantly decreased from 12 to 24 months (mean
decrease = 0.60, p < 0.001), while it remained constant in the other groups over time
(Figure 3). Furthermore, there was a significant interaction between infant feeding modal-
ity at 6 months and time (infant age) in months for enjoyment of food (p = 0.002) (Table 2).
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Figure 2. Food Fussiness increases from 12 to 18 months and 18 to 24 months for infants who
consumed formula with added corn-syrup solids (CSSF) at 6 months. Food fussiness increases from
12 to 24 months for infants who consume traditional infant formula (TF) at 6 months. The model was
adjusted for maternal pre-pregnancy BMI (kg/m2), infant breast milk feedings per day and formula
feedings per day, infant sex, infant birth weight (kg), mode of delivery, and socioeconomic status
index (SES).
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Figure 3. Enjoyment of food decreases from 12 to 24 months for infants who consumed formula
with added corn-syrup solids (CSSF) at 6 months. Model adjusted for maternal pre-pregnancy BMI
(kg/m2), infant breast milk feedings per day and formula feedings per day, infant sex, infant birth
weight (kg), mode of delivery, and socioeconomic status index (SES).
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Table 2. Repeated measures ANCOVA shows that there was a statistically significant interaction
between feeding modality and time from 12 to 24 months for food fussiness and enjoyment of food.
Model includes the covariates maternal pre-pregnancy BMI (kg/m2), infant breast milk feedings
per day, infant formula feedings per day, infant sex, infant birth weight (kg), mode of delivery, and
socioeconomic status index (SES).

Eating Behaviors Time Feeding Type Interaction a

Food Responsiveness 0.902 0.727 0.748
Food Fussiness 0.187 0.109 0.004 **

Enjoyment of Food 0.388 0.002 ** 0.001 **
Desire to Drink 0.005 ** 0.765 0.409

Emotional Undereating 0.732 0.860 0.989
Emotional Overeating 0.391 0.484 0.418

a Interaction between Time and Feeding Type. p < 0.01 **.

4. Discussion

In this study, we found that the development of child eating behaviors in the first
2 years of life was affected by early exposure to formula made with corn-syrup solids as
compared to traditional formula made with lactose and compared to breastmilk. Specifi-
cally, early exposure to formula made with corn-syrup solids was associated with increased
food fussiness and reduced enjoyment of food over time. In addition, CSSF-fed infants
had worsening eating behaviors over time, compared to TF-fed and BM-fed infants. Im-
portantly, the behaviors observed in the CSSF-fed infants have been linked to poor diet
quality and variety, which in turn are associated with obesity and related co-morbidities in
childhood [7,22,23].

Our findings provide additional insights into the early exposure to corn-syrup solids
and infant eating behaviors examined in prior studies. For example, Shepard et al. found
that infants fed “gentle” formula containing corn-syrup solids demonstrated consistent
eating behaviors from 3 to 5 months, in contrast to our findings that CSSF-fed infants
exhibited changes in eating behaviors over a longer period of time [24]. Shepard et al.
examined CSSF intake at an earlier period than the present study and included fewer
formula type groups, which may explain differences in findings. Because eating behaviors
emerge over time, it is plausible that the prior study did not have a long enough duration
so as to capture changes in eating behavior as we did. Consistent with our findings,
Murray et al. reported that infants who were exposed to sweet, non-milk solids and
beverages had decreased bitter food acceptance and increased obesity risk, a trademark
of picky eating behavior [5]. Similarly, we found that CSSF-fed infants had a greater
increase in food fussiness over time, relative to formula fed infants and breastfed infants. It
may be that early exposure to added sugar in the form of corn-syrup solids enhances the
infant’s affinity for sweet tastes and exacerbates innate disliking of bitter tastes, which may
contribute to picky eating [5,7,10].

This hypothesis is supported by work from Mennella and colleagues, who found that
infants fed sweet-tasting formula were more likely to reject broccoli than those who had
exposure to bitter-tasting formula [10]. Similarly, we found that all feeding groups had a
similar degree of food fussiness at 12 months of age. However, we found that there was a
greater increase in food fussiness among CSSF-fed infants compared to TF-fed infants, and
food fussiness remained stable among BM-fed infants. This suggests that infants exposed
to diverse flavors or diminished sweet flavors in breastmilk or traditional formula are
more likely to accept wide-ranging foods compared to those exposed to the sweetness of
CSSF. These experiences may also influence enjoyment of food among CSSF-fed infants, as
picky eating behaviors may reduce overall enjoyment of a diverse diet that comes with the
introduction of solid foods [23,25].

While several mechanisms may underlie our findings, a potential explanation that has
gathered the most interest is the effects of early sugar exposure on the infant gut micro-
biome, which may affect appetite regulation through gut-derived hormones [11,12,26–28].
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Simple carbohydrates and other dietary factors can serve as energy for a harmful subset
of gut microbes, which may ultimately displace beneficial bacteria [26–28]. The increased
proportions of harmful microbes therefore receive more energy from the host, which has
a strong influence on appetite, metabolism and food-related behaviors [28]. For example,
harmful bacteria may ferment added sugar and produce metabolites, primarily short-chain
fatty acids, which can directly affect hunger and signaling [27]. Through this mechanism,
CSSF-fed infants may have an increased affinity for sweet-tasting foods. As infants are
introduced to more solid foods with a range of flavors, they may experience a decreased
preference for and enjoyment of food with bitter tastes, contributing to food fussiness [23].

In addition, animal studies have shown that rats with early sugar exposure exhibit
addiction-like responses, with an increased affinity for added sugars and symptoms of
withdrawal [29]. These patterns are linked to opioid-receptor binding associated with the
added sugar intake and neurochemical changes that result in increased dopamine from
sugar consumption [29]. Early added corn-syrup exposure from CSSF could program an
infant for a heighted dopamine response that is not met with the introduction of bitter foods,
thus reducing their enjoyment of food. The potential effects on brain-based eating behaviors
may also be exacerbated by displacement of lactose with corn-syrup solids in the CSSF.
Decreased exposure to lactose and therefore, galactose, may also have deleterious effects on
infant-brain development and subsequent healthy eating behavior in children [12,14,15,30].

This study has several limitations. We used a self-report survey to assess child eating
behaviors, which could result in response bias. However, we only used CEBQ domains
with high validity. It is possible that the translation of the CEBQ into Spanish may have
affected the validity of the questionnaire. Further, this is an observational study, and
we cannot make causal conclusions based on our findings. However, our study was
longitudinal in nature, which adds a further temporal component to the findings. Another
important limitation is that we do not have information on why mothers chose different
infant formulas. However, our sample has no significant differences in maternal or infant
baseline characteristics between groups, including socioeconomic status, which may be
influential for selection of infant formula type. Additionally, one of the infant formulas
categorized in the TF group due to its lactose and cow’s milk content is Gerber Good
Start Gentle. Similar to Enfamil Gentlease in the CSSF group, this product is marketed
toward colicky and fussy infants. A systematic review by Belamarich et al. reports that
mothers choose these gentle formulas due to the marketing strategies that imply crying and
fussiness are indicative of digestive discomfort [31]. This sheds some light on the choices
that mothers may be making with regard to formula, however, given that there are gentle
formulas included in both groups, we do not suspect that this contributes to, nor fully
explains the differences seen in our study. However, maternal beliefs related to formula
choice is an important area for further study.

These findings may have important implications for infant feeding recommendations
given that early life added corn-syrup exposure may influence taste-preference formation,
food rejection with the introduction of solids, and the composition of the infant gut micro-
biome. Food fussiness and the reduced enjoyment of food may inhibit the acceptance of
fruits and vegetables and other healthful foods in the diet, leading to poor diet quality and
variety. Importantly, CSSF is only consumed by <10% of infants in the general US popula-
tion [15]. However, in our cohort of Hispanic mothers, 50% of formula-fed infants consume
CSSF. Therefore, the results of this study are highly relevant for this subset of the population
that is already at higher risk for obesity and related chronic disease development.

5. Conclusions

These findings suggests that Hispanic infants who receive formula made with corn
syrup solids in place of lactose develop poor eating behavior in the first 2 years of life,
including greater food fussiness and reduced enjoyment of food, compared to traditional
formula-fed and breastmilk-fed infants. Further studies are needed to elucidate the underly-
ing mechanisms by which added corn-syrup solids influence child eating behaviors as well
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as clinical health outcomes. Our findings provide evidence for future studies exploring the
effects of infant formulas with reduced lactose and added corn-syrup solids on children’s
eating behaviors and growth.

Author Contributions: Conceptualization: M.I.G.; Data curation, M.I.G.; Formal analysis, H.E.H.
and R.B.J.; Funding acquisition, M.I.G.; Investigation, M.I.G.; Methodology, R.B.J. and M.I.G.; Project
administration, M.I.G.; Resources, M.I.G.; Software, H.E.H. and R.B.J.; Supervision, M.I.G.; Writing—
original draft, H.E.H.; Writing—review and editing, P.K.B., J.F.P., K.A.S., T.L.A. and M.I.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institute Diabetes and Digestive and Kidney
Diseases (R01 DK110793). This work was also funded by the Gerber Foundation (15PN-013). Paige
K. Berger is funded by the Eunice Kennedy Shriver National Institute of Child Health & Human
Development (K99 HD098288). Tanya L. Alderete is funded by NIEHS (R00ES027853). Jasmine F.
Plows is funded through a Saban Research Institute Research Career Development Fellowship.

Institutional Review Board Statement: Institutional review boards at the University of Southern
California and Children’s Hospital Los Angeles approved the study.

Informed Consent Statement: Written informed consent was obtained from all mothers and financial
compensation was provided.

Data Availability Statement: Data described in the manuscript, code book, and analytic code will
be made available upon request. Data requests can be made to Michael I. Goran, (323) 217–5116,
goran@usc.edu.

Acknowledgments: We would like to thank Carla Flores, Danielle Garcia, Elizabeth Campbell,
Claudia Rios, Emily Leibovitch, Rosa Rangel and the entire Goran Lab for their assistance in obtaining
these data. We would also like to thank Jennifer Fogel for her editing assistance on the manuscript.

Conflicts of Interest: Goran is a scientific advisor for Yumi and receives book royalties from Penguin
Random House. The Gerber Foundation had no role in the design, execution, analyses, interpretation
of data, writing of the report, or decision to submit the report for publication.

References

1. Yang, Q.; Zhang, Z.; Gregg, E.W.; Flanders, W.D.; Merritt, R.; Hu, F.B. Added Sugar Intake and Cardiovascular Diseases Mortality
Among US Adults. JAMA Intern. Med. 2014, 174, 516. [CrossRef] [PubMed]

2. Fidler Mis, N.; Braegger, C.; Bronsky, J.; Campoy, C.; Domellöf, M.; Embleton, N.D.; Hojsak, I.; Hulst, J.; Indrio, F.; Lapillonne,
A.; et al. Sugar in Infants, Children and Adolescents: A Position Paper of the European Society for Paediatric Gastroenterology,
Hepatology and Nutrition Committee on Nutrition. J. Pediatr. Gastroenterol. Nutr. 2017, 65, 681–696. [CrossRef] [PubMed]

3. Rippe, J.M.; Angelopoulos, T.J. Relationship between Added Sugars Consumption and Chronic Disease Risk Factors: Current
Understanding. Nutrients 2016, 8, 697. [CrossRef] [PubMed]

4. Kong, K.L.; Burgess, B.; Morris, K.S.; Re, T.; Hull, H.R.; Sullivan, D.K.; Paluch, R.A. Association between Added Sugars from
Infant Formulas and Rapid Weight Gain in US Infants and Toddlers. J. Nutr. 2021, 151, 1572–1580. [CrossRef] [PubMed]

5. Murray, R.D. Savoring Sweet: Sugars in Infant and Toddler Feeding. Ann. Nutr. Metab. 2017, 70, 38–46. [CrossRef]
6. Mennella, J.A.; Bobowski, N.K. The Sweetness and Bitterness of Childhood: Insights from Basic Research on Taste Preferences.

Physiol. Behav. 2015, 152, 502–507. [CrossRef]
7. Mennella, J.A.; Bobowski, N.K.; Reed, D.R. The Development of Sweet Taste: From Biology to Hedonics. Rev. Endocr. Metab.

Disord. 2016, 17, 171–178. [CrossRef]
8. Birch, L.L.; Fisher, J.O. Development of Eating Behaviors among Children and Adolescents. Pediatrics 1998, 101, 539–549.

[CrossRef]
9. Hill, C.; Saxton, J.; Webber, L.; Blundell, J.; Wardle, J. The Relative Reinforcing Value of Food Predicts Weight Gain in a

Longitudinal Study of 7–10-y-Old Children. Am. J. Clin. Nutr. 2009, 90, 276–281. [CrossRef]
10. Mennella, J.A.; Forestell, C.A.; Morgan, L.K.; Beauchamp, G.K. Early Milk Feeding Influences Taste Acceptance and Liking during

Infancy12345. Am. J. Clin. Nutr. 2009, 90, 780S–788S. [CrossRef]
11. Noble, E.E.; Hsu, T.M.; Jones, R.B.; Fodor, A.A.; Goran, M.I.; Kanoski, S.E. Early-Life Sugar Consumption Affects the Rat

Microbiome Independently of Obesity. J. Nutr. 2017, 147, 20–28. [CrossRef]
12. Jones, R.B.; Berger, P.K.; Plows, J.F.; Alderete, T.L.; Millstein, J.; Fogel, J.; Iablokov, S.N.; Rodionov, D.A.; Osterman, A.L.; Bode,

L.; et al. Lactose-Reduced Infant Formula with Added Corn Syrup Solids Is Associated with a Distinct Gut Microbiota in Hispanic
Infants. Gut Microbes 2020, 12, 1813534. [CrossRef] [PubMed]

264



Nutrients 2022, 14, 1115

13. Harnack, L. Nutrition Data System for Research (NDSR). In Encyclopedia of Behavioral Medicine; Gellman, M.D., Turner, J.R., Eds.;
Springer: New York, NY, USA, 2013; pp. 1348–1350. ISBN 978-1-4419-1005-9.
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Abstract: We examined whether caregiver cooking skills were associated with frequency of home
cooking, child dietary behaviors, and child body weight status in Japan. We used cross-sectional data
from the 2018 Adachi Child Health Impact of Living Difficulty study, targeting primary and junior
high school students aged 9–14 years in Adachi City, Tokyo, Japan (n = 5257). Caregiver cooking skills
were assessed using a scale with good validity and reliability modified for use in Japan. Child heights
and weights derived from school heath checkup data were used to calculate WHO standard body
mass index z-scores. After adjusting for potential confounders, caregivers with low-level cooking
skills were 4.31 (95% confidence interval (CI): 2.68–6.94) times more likely to have lower frequency of
home cooking than those with high level of cooking skills. Children with low-level caregiver cooking
skills were 2.81 (95% CI: 2.06–3.84) times more likely to have lower frequency of vegetable intake and
1.74 (95% CI: 1.08–2.82) times more likely to be obese. A low level of caregiver cooking skills was
associated with infrequent home cooking, unhealthy child dietary behaviors, and child obesity.

Keywords: cooking skills; home cooking; vegetable intake; obesity; children

1. Introduction

In the last 50 years, people in developed countries have shifted toward meals away
from home and cooking at home less [1–3]. In the United States, the percentage of daily
energy consumed from home food sources dropped by approximately 25% from the 1960s
to 2000 [1]. In Japan, household expenditure on precooked food increased by 26% from
1993 to 2015, and eating out is becoming more widespread among younger generations [4].
Alongside the decrease in home cooking, the idea that homemakers, especially women,
should be educated to feed their families seems to have become outmoded [5]. However,
the obesity epidemic has led to growing concerns about poor diets among children and
increasing calls to reaffirm the importance of basic food preparation and cooking skills to
prevent poor diets and chronic diet-related diseases [5].

Lifestyle changes in response to the coronavirus disease 2019 (COVID-19) pandemic
suddenly increased the need for home cooking. In the United States before and during
the initial peak of the COVID-19 pandemic, cooking meals at home increased from 4.49
to 5.18 days per week [6]. Canadian families with young children described that their
greatest change since COVID-19 was spending more time cooking [7]. In China, even
post-lockdown, 65% of people reported that they cooked more at home compared with
the previous year [8]. Meanwhile, the COVID-19 pandemic is leading children toward
unfavorable obesity-promoting behaviors, such as decreased physical activity, increased
screen time, and greater consumption of snack foods [7,9]. Therefore, caregivers need to
acquire the ability to create a healthy eating environment to prevent their child from having
a poor diet and becoming obese. However, there is limited knowledge on the relationships
between caregiver’s ability to prepare meals and their child’s diet and weight status.
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Recently, evidence has been accumulating on the dietary benefits of home cooking.
A systematic review confirmed dietary benefits of home cooking, including greater con-
sumption of healthier food groups, enhanced healthy eating self-efficacy, and improved
adherence to several healthy dietary recommendations [10]. Beyond dietary outcomes, a
population-based study in the United Kingdom showed that more frequent consumption of
home-cooked meals was associated with a greater likelihood of having normal weight and
body fat status among adults [11]. Studies on Japanese children and adolescents showed
that infrequent home cooking was associated with obesity, higher blood pressure, and
lower high-density lipoprotein-cholesterol [12,13].

Cooking skills may be critical to encourage home cooking and improve the quality
of meals [10]. Several studies reported that high level of cooking skills was associated
with lower consumption of ready meals, convenience food, and ultra-processed food
among adults [14–16]. Meanwhile, intervention studies demonstrated that improvement
in cooking skills led to increased cooking confidence and consumption of vegetables and
fruits [17,18]. A recent population-based study among older Japanese adults showed that
a low level of cooking skills was associated with lower frequency of home cooking, veg-
etable/fruit intake, higher frequency of eating out, and underweight status [19]. However,
most existing studies have focused on dietary benefits among adults, and limited research
has examined the associations of caregiver cooking skills with child diet and weight status.

The aim of the present study was to examine the associations of caregiver cooking skills
with frequency of home cooking, child dietary behaviors, and child body weight status.

2. Materials and Methods

2.1. Study Design and Subjects

The Adachi Child Health Impact of Living Difficulty (A-CHILD) study was estab-
lished in 2015 to evaluate the determinants of health among children in Adachi City,
Tokyo, Japan [20]. We used cross-sectional data from 2018 that covered caregivers and
their children in three grades: fourth-grade, sixth-grade, and eighth-grade. The survey
was conducted in all public elementary schools for fourth-grade children, nine selected
elementary schools for sixth-grade children, and seven junior high schools for eighth-
grade children [20]. In 2018, self-reported questionnaires were distributed to 6605 children
(5311 fourth-grade, 618 sixth-grade, and 676 eighth-grade). Children and their caregivers
completed the questionnaires at home and then returned the completed questionnaires to
their school. A total of 5793 pairs (4605 fourth-grade, 556 sixth-grade, and 632 eighth-grade)
of children and their caregivers returned the questionnaires (response rate: 88%). Of these,
5382 pairs (4290 fourth-grade, 514 sixth-grade, and 578 eighth-grade) provided informed
consent, returned all questionnaires, and could be linked with health checkup data (con-
sent rate: 93%). The present analysis was carried out using data for 5257 pairs, after the
following exclusions for missing information: child age (n = 23); caregiver cooking skills
and frequency of home cooking (n = 26); child month of birth, height, and weight (n = 10);
and child dietary behaviors (frequency of vegetable intake and breakfast consumption)
(n = 66). The A-CHILD protocol and use of the data for this study were approved by the
Ethics Committee at Tokyo Medical and Dental University (No. M2016-284).

2.2. Frequency of Home Cooking

Frequency of home cooking was evaluated by caregivers using the following question:
‘How many times did you or someone else in your family cook meals for your children at
home? Circle the answer that best applies for the past month’. A cooked meal was defined
as a simple meal, such as a fried egg [12]. The five response items were: ‘almost every day’,
‘4–5 days/week’, ‘2–3 days/week’, ‘a few days/month’, and ‘rarely’. We defined <3 times
a week as low frequency of home cooking because it was reported to be associated with
child obesity and cardiovascular risk [12,13].
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2.3. Child Body Weight Status

Child height and weight were measured in schools during health checkups by school
teachers according to standardized protocols [21]. Height was measured to the nearest
0.1 cm using a portable stadiometer and weight to the nearest 0.1 kg on digital scales,
without shoes and in light clothing. Body mass index (BMI) was calculated by dividing the
weight (in kilograms) by the square of the height (in meters). BMI was expressed as a z-score
representing the deviation in standard deviation units from the mean of a standard normal
distribution of BMI specific to age and sex, according to the WHO Child Growth Standards.
Child BMI was categorized as underweight (<−2SD), mild-underweight (−2SD to <−1SD),
normal (−1SD to <+1SD), overweight (+1SD to <+2SD), and obese (≥+2SD) using standard
deviation cut-off points [22].

2.4. Child Dietary Behaviors

Child frequency of vegetable intake was assessed by caregivers using the question
‘How often did your child eat vegetable dishes? Circle the answer that best applies for the
past month’. The three response items were: ‘twice/day’, ‘once/day’, and ‘<3 times/week’.
Respondents who ate vegetables and fruit less than once a day were categorized as having
low frequency of vegetable intake. This cutoff point was defined by prevalence to the
10th percentile of the included children (Table 1). Child frequency of breakfast intake for
the past month was assessed by self-reporting with responses of ‘every day’, ‘often’, and
‘rarely/never’, with ‘rarely/never’ defined as breakfast skipping.

Table 1. Characteristics of Japanese school children and their caregivers (n = 5257).

Total Caregiver’s Cooking Skill

n %

High Low
p-Value an = 5010 n = 247

% %

Child’s status
Sex
Boy 2643 50.3 50.2 51.0 0.81
Girl 2614 49.7 49.8 49.0

Age (year)
9 1720 32.7 32.9 28.7 0.36
10 2479 47.2 46.9 51.4
11 216 4.1 4.1 4.0
12 286 5.4 5.4 6.9
13 229 4.4 4.5 2.4
14 327 6.2 6.2 6.5

Dietary behaviors
Frequency of vegetable intake

Twice/day 2141 40.8 41.3 29.2 <0.001
Once/day 2549 48.5 48.8 41.7

Less than 3 times/weeks (low frequency) 567 10.8 9.8 29.2
Frequency of breakfast intake

Everyday 4686 89.1 89.2 87.4 0.06
Often 436 8.3 8.3 7.7

Rarely/never (breakfast skipping) 135 2.5 2.4 4.8
Body weight status (BMI for age z score)

Underweight (<−2SD) 123 2.3 2.3 3.6 0.02
Mild underweight (−2SD-<−1SD) 772 14.7 14.7 15.4

Normal (−1SD-<+1SD) 3356 63.8 64.2 55.9
Overweight (+1SD-<+2SD) 716 13.6 13.5 15.8

Obesity(≥+2SD) 290 5.5 5.3 9.3
Household status

Cohabitation status
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Table 1. Cont.

Total Caregiver’s Cooking Skill

n %

High Low
p-Value an = 5010 n = 247

% %

Parents 4143 78.8 79.2 71.3 <0.001
Parents and grandparent (s) 383 7.3 7.2 8.1

Single parent and grandparent (s) 610 11.6 11.5 13.8
Single parent 65 1.2 1.1 3.6

Other 56 1.1 1.0 3.2
Other children in the household

No 1017 19.3 18.8 29.6 <0.001
Yes 4240 80.7 81.2 70.4

Household income (million yen)
<3.00 559 10.6 10.7 10.1 0.20

3.00–5.99 1575 30.0 29.7 35.2
6.00–9.99 1756 33.4 33.6 29.6
≥10.0 591 11.2 11.4 8.5

Missing 776 14.8 14.7 16.6
Caregiver’s status

Respondent
Mother 4768 90.7 92.2 60.7 <0.001
Father 414 7.9 6.5 36.4
Other 75 1.4 1.4 2.8

Mother’s age (years)
<35 499 9.5 9.6 7.7 <0.001

35–44 3074 58.5 58.4 60.7
≥45 1512 28.8 29.0 23.9

Missing 172 3.3 3.1 7.7
Father’s age (years)

<35 222 4.2 4.2 4.5 0.87
35–44 2356 44.8 44.7 47.0
≥45 2014 38.3 38.4 37.2

Missing 665 12.6 12.7 11.3
Mother’s employment status

Full-time 1114 21.2 21.0 24.7 0.002
Part-time 2516 47.9 48.2 41.7

Self-employed 291 5.5 5.6 4.5
Side work 115 2.2 2.2 2.0

Not employed 1086 20.7 20.7 20.6
Other/missing 135 2.6 2.4 6.5
Mother’s BMI

Underweight (BMI < 18.5) 596 11.3 11.4 10.5 0.06
Normal (18.5 ≤ BMI < 25.0) 3468 66.0 66.3 59.1

Overweight (25.0 ≤ BMI < 30.0) 529 10.1 9.9 13.0
Obesity (BMI ≥ 30) 99 1.9 1.8 2.8

Missing 565 10.7 10.6 14.6
Father’s BMI

Underweight (BMI < 18.5) 77 1.5 1.4 2.0 0.27
Normal (18.5 ≤ BMI < 25.0) 2793 53.1 53.2 51.0

Overweight (25.0 ≤ BMI < 30.0) 1125 21.4 21.2 26.3
Obesity (BMI ≥ 30) 209 4.0 4.0 4.0

Missing 1053 20.0 20.2 16.6
Frequency of home cooking

≥6 days/week 4552 86.6 87.8 61.9 <0.001
4–5 days/week 570 10.8 10.1 25.9

≤3 days/week (low frequency) 135 2.6 2.1 12.1

BMI: body mass index. a Differences were analyzed using Pearson’s chi-square test.
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2.5. Caregiver Cooking Skills

Caregiver cooking skills were assessed using a modified cooking skills scale designed
with consideration of basic Japanese cooking methods and typical meals [19]. The scale
consisted of five items: (1) able to peel fruits and vegetables; (2) able to make stir-fried
meat and vegetables; (3) able to make miso soup; (4) able to make stewed dishes; and
(5) like to cook. Items 1 to 4 reflected basic cooking methods and were adopted from the
Japanese cooking skills score [19]. Item 5 was newly added for the present study as an
indicator of cooking skills, because a previous study on life-course trajectories of cooking
skills found that liking to cook was a characteristic of people who maintained a high level
of cooking skills [23]. Participants were asked to evaluate their own cooking skills on a
six-point scale ranging from ‘do not agree at all’ (=0) to ‘agree very much’ (=5). A high
score meant that the caregiver had high confidence in their cooking skills. In psychometric
testing, one factor with eigenvalue >1 was found and accounted for 92.3% of the variance.
The Cronbach’s α for the cooking skills scale in the study sample was 0.78. Factor loadings
ranged from 0.3 (item 5) to 0.9 (item 2). We calculated the mean scores of the five items and
divided the results into two categories: high (score > 4.0) and low (score ≤ 4.0) as described
previously [19].

2.6. Covariates

Child age, cohabitation status (parents, parents and grandparent(s), single parent and
grandparent(s), single parent, or other), other children in household (yes or no), household
annual income (<3.00, 3.00–5.99, 6.00–9.99, or ≥10.0 million Japanese yen), respondent
(mother, father, or other), parental age (<35, 35–44, or ≥45 years), mother’s employment
status (full-time, part-time, self-employed, side work, not employed, or other), and parental
height and weight were assessed via the caregiver report. Parental BMI was calculated us-
ing self-reported height in centimeters and weight in kilograms. Standard categories of BMI
were used to characterize parents as underweight (<18.5 kg/m2), normal (18.5–24.9 kg/m2),
overweight (25.0–29.9 kg/m2), or obese (≥30.0 kg/m2) [24]. Participants with missing data
on covariates were included in the analysis as dummy variables.

2.7. Statistical Analysis

First, participants were stratified by level of cooking skills, and differences between
groups were analyzed using Pearson’s chi-square test. Second, multiple comparisons
for the cooking skills scale were performed using a mixed linear model procedure to
examine which cooking skills participants rated as difficult. The peeling scale used as a
reference and the participant identification code was included as a random effect. Third,
multiple comparisons between respondents (mother, father, and other) were analyzed using
Dunnett’s pairwise comparison method with mother as the reference category. Fourth,
we calculated adjusted odds ratios (ORs) with 95% confidence intervals (CIs) for low
frequency of home cooking, child low frequency of vegetable intake, and child breakfast
skipping using logistic regression. Fifth, we calculated adjusted relative risk ratios with
95% CIs for underweight, mild-underweight, overweight, and obese using multinomial
logistic regression, with normal as the reference category. The models were adjusted for
potential confounding factors that were associated with level of cooking skills in the first
analysis. Finally, we conducted a mediation analysis to determine the proportion of the
association between caregiver cooking skills and child weight status mediated by frequency
of home cooking. We estimated the natural direct effects, controlled direct effects, and
natural indirect effects of mediators after controlling for all covariates using the Paramed
package in Stata [25]. The exposure was treated as a binary variable, with 0 representing a
high level of caregiver cooking skills and 1 representing a low level of caregiver cooking
skills. The mediators and outcomes were treated as continuous variables. Because the
association between caregiver cooking skills and child weight status was U-shaped, the
mild-underweight and underweight children were excluded from the mediation analysis
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of the relationship with child obesity. All analyses were conducted using Stata Version 15
(Stata Statistical Software; StataCorp LP, College Station, TX, USA).

3. Results

The characteristics of the children and caregivers are summarized in Table 1. Half of
the children were girls, about 80% were fourth-grade and lived with their parents, 81%
had siblings, and 11% had families with annual incomes below 3.00 million yen. A total
of 10.8% ate vegetable dishes less than three times a week, 2.5% were breakfast skippers,
2.3% were underweight, and 5.5% were obese. The majority of the caregiver respondents
were mothers (91%); 8% were fathers. The most common mother’s employment status
was part-time (48%), followed by full-time (21%). A total of 2.6% of households cooked
less than three times a week. Approximately 5% of caregivers (n = 247) were classified
as having a low level of cooking skills. Children who had caregivers with a low level of
cooking skills tended to live with grandparent(s), have no other children in the household,
have father respondents, and have full-time working mothers (Table 1).

The mean score for caregiver cooking skills was 5.5 points among all participants
(Table 2). The mean caregiver cooking skills score was lower for fathers (5.0 points)
than for mothers (5.5 points). For each item in the cooking skills scale, mother scored
higher than father, except for ‘like to cook’ (item 5). Compared with mothers, other
respondents gave higher scores for the item of ‘like to cook’. Among the four cooking
methods, fathers and other respondents rated stewing as more difficult than peeling, while
mothers rated all methods as being of similar difficulty, although they had significant
differences among the four methods (Table 2). ‘Like to cook’ was correlated with other
cooking methods (r = 0.20–0.26, p < 0.0001), and especially highly correlated among fathers
(r = 0.47–0.51, p < 0.0001) (Supplementary Table S1).

A low level of caregiver cooking skills was associated with low frequency of home
cooking and child low frequency of vegetable intake (Table 3). After adjusting for potential
confounders, caregivers with low-level cooking skills were 4.31 (95% CI: 2.68–6.94) times more
likely to have lower frequency of home cooking than those with high level of cooking skills.
Children with low level of caregiver cooking skills were 2.81 (95% CI: 2.06–3.84) times more
likely to have low frequency of vegetable intake. Low level of caregiver cooking skills was
not significantly associated with child breakfast skipping (AOR = 1.61, 95% CI: 0.97–3.53).

A U-shaped association was found between caregiver cooking skills and child weight sta-
tus (Table 4). Children with low level of caregiver cooking skills were 1.74 (95% CI: 1.08–2.82)
times more likely to be obese and 1.84 (95% CI: 0.88–3.83) times more likely to be under-
weight, although the association with underweight status was not statistically significant.
The mediation analysis showed that 91% of the association between low level of caregiver
cooking skills and child obesity was mediated by frequency of home cooking.
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Table 3. Adjusted odds ratios of low frequency of home cooking, child low frequency of vegetable intake, and child
breakfast skipping according to levels of caregiver cooking skills (n = 5257).

Caregiver’s Low
Frequency of

Home Cooking

Child’s Low Frequency of
Vegetable Intake

Child’s Breakfast Skipping

AOR (95% CI) AOR (95% CI) AOR (95% CI)
Caregiver’s cooking skill

High ref ref ref
Low 4.31 (2.68–6.94) 2.81 (2.06–3.84) 1.61 (0.97–3.53)

AOR, adjusted odds ratio; CI, confidence interval. The models were adjusted for cohabitation status, siblings, respondent, mother’s age,
and mother’s employment status.

Table 4. Adjusted relative risk ratios of child obese, overweight, mild-underweight, and underweight status according to
levels of caregiver cooking skills (n = 5257).

Child’s Weight Status (Reference = Normal Weight (−1SD-<+1SD))

Obesity
(≥+2SD)

Overweight
(+1SD-< +2SD)

Mild Underweight
(−2SD-< −1SD)

Underweight
(<−2SD)

ARRR (95% CI) ARRR (95% CI) ARRR (95% CI) ARRR (95% CI)

Caregiver’s cooking skill
High ref ref ref ref
Low 1.74 (1.08–2.82) 1.24 (0.85–1.82) 1.26 (0.86–1.84) 1.84 (0.88–3.83)

ARRR, adjusted relative risk ratio; CI, confidence interval. The models were adjusted for cohabitation status, siblings, respondent, mother’s
age, and mother’s employment status.

4. Discussion

To the best of our knowledge, this is the first study to investigate the associations
between caregiver cooking skills and weight status of school children. Using a modified
version of the existing cooking skills scale for use in the Japanese population, we found
that a low level of caregiver cooking skills was associated with low frequency of home
cooking and low frequency of vegetable intake in the child. Regarding child weight status,
a U-shaped relationship was observed and a significant association was found between a
low level of caregiver cooking skills and child obesity.

A low level of caregiver cooking skills was positively associated with child obesity
and most of this association was explained by the frequency of home cooking. These
findings are consistent with a previous study showing that infrequent home cooking was
associated with child obese status [12]. A systematic review confirmed dietary benefits of
home cooking, including greater consumption of healthier food groups, although most
of the included studies involved adults [10]. In a study on child diets, home cooking was
associated with higher vegetable consumption among children in the United Kingdom [26].
Consistent with that study, we also found that low level of caregiver cooking skills was
associated with child low frequency of vegetable consumption.

A U-shaped relationship was observed, which indicates that low level of caregiver
cooking skills also tended to be associated with child underweight status. This finding is
consistent with a study on older Japanese adults showing that low level of cooking skills
can lead to under-nutrition [19]. Children have difficulty preparing their own meals, and
therefore their meals depend on their caregivers. Thus, low cooking frequency arising from
low level of caregiver cooking skills may mean that children skip meals or eat low-energy
diets, leading to them becoming underweight. To test this hypothesis, future studies are
warranted to conduct more detailed dietary surveys on the frequency of children eating out.

A low level of caregiver cooking skills was associated with low frequency of home
cooking. This finding is consistent with the previous study among older Japanese adults [19].
However, this result may be underestimated because there may have been more than one

274



Nutrients 2021, 13, 4549

person in charge of cooking at home, such as the mother, father, grandmother, and older
siblings, or a person different from the respondent may be the main cook. Furthermore,
low level of caregiver cooking skills was not significantly associated with child breakfast
skipping. One possible reason is that breakfast is generally a simple meal in Japan [27],
and thus does not require a high level of cooking skills. Otherwise, it may be due to the
child’s lack of time or appetite.

The validity of the cooking skills scale needs careful consideration. In the present
study, mothers who tended to prepare food scored significantly higher on the cooking skills
scale than fathers who were less likely to prepare food. This suggests that the modified
version of the cooking skills scale used in the study had notable discriminant validity.
The observed sex difference is consistent with previous findings on confidence regarding
cooking skills, in which women were found to be more confident in their cooking skills
than men [15,28,29]. We included four basic cooking methods in the cooking skills scale.
Consistent with the previous study among older Japanese adults [19], fathers rated stewing
as more difficult than peeling and boiling. Compared with the results for the Japanese older
adults in the previous study, middle-aged women (mothers in the present study) scored
almost the same as older women, while middle-aged men (fathers in the present study)
tended to score higher than older men [19]. This generation difference among men may be
explained by opportunities to learn cooking skills in school. In Japan, cooking education in
schools for men started in 1947 and became compulsory in 1989 [30]. Therefore, older men
had less opportunity to learn cooking in school.

We confirmed that ‘like to cook’ was correlated with other cooking methods, and
especially highly correlated among fathers. This is plausible because women need to cook
regardless of whether they like it because of the social norm [10], and as a result, their
cooking skills will improve. We further confirmed that ‘like to cook’ was important for
prevent low frequency of home cooking. As a result of analyzing the association between
the single item ‘like to cook’ and the frequency of home cooking, caregivers with low level
of liking to cook (score ≤ 4.0) were 2.21 (95% CI: 1.52–3.19) times more likely to have lower
frequency of home cooking than those with high level of liking to cook (score > 4.0) after
adjusting for potential confounders (data not shown). Given the importance of liking to
cook for maintenance of a high level of cooking skills during the life course [23], it may be
critical to examine subjects for liking to cook when examining the associations of cooking
with diet-related outcomes.

There are some limitations to the present study. First, child frequency of vegetable dish
intake was assessed using a single simple item. Future studies should use more detailed
validated questions to assess which food groups and nutrients are associated with cooking
skills. Second, we were only able to evaluate a limited number of child eating behaviors.
Future studies are warranted to investigate the relationships between caregiver cooking
skills and other aspects of child diets, such as amounts of energy and foods other than
vegetables consumed, to understand the mechanisms. Third, we observed a ceiling effect
for caregiver cooking skills, especially among mothers, similar to the findings in previous
studies using the original cooking skills scale [15,19]. Given that mothers are often working,
it may be useful to investigate not only their cooking methods (such as stewing), but also
their ability to cook well in a short amount of time. In addition, more comprehensive
validated measures are now available for assessing confidence in food and cooking skills in
United Kingdom populations [31]. Therefore, it may be possible to use these measurement
methods in the future. Fourth, the generalizability of the results may be low because our
sample of school children was located in only one city in Japan. Fifth, we lacked data
on some potentially confounding factors, such as caregivers’ nutritional knowledge and
food preference. There may be a much more dynamic association between child obesity,
caregiver cooking skills, and their liking for cooking. Finally, we were unable to assess
causality because this was a cross-sectional study. However, in a previous study that
examined the acquisition of cooking skills, more than half of the respondents reported that
they had learned most of their cooking skills when they were teenagers and that these
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cooking skills were mainly taught by their mothers [32]. Randomized controlled trials
in the younger generation before having children are needed in the future to clarify the
effectiveness of caregiver’s ability to prepare meals for preventing obesity in children.

We found that a low level of caregiver cooking skills was associated with low frequency
of home cooking, low frequency of child vegetable intake, and child obese status. Most
of the association between low level of caregiver cooking skills and child obesity was
mediated by the frequency of home cooking. The present findings are important for
preventing unhealthy eating behaviors and obesity because COVID-19 is increasing the
demand for home cooking. In addition, poor caregiver cooking skills can cause not only
obesity in children but also less opportunity to learn cooking skills from caregivers, which
may have an impact on the next generation (i.e., grandchildren of the current parents) due
to the poor cooking skills of the children when they become parents [32]. In the future, it is
necessary to clarify the causal relationships and promote research on support to improve
caregiver cooking skills.
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Abstract: Lifestyle interventions are the common treatment for children and adolescents with severe
obesity. The efficacy of these interventions across age groups remain unknown. Therefore, this
study aimed to compare the effectiveness of a lifestyle intervention on health parameters between
children and adolescents with severe obesity. A longitudinal design was carried out at the Centre for
Overweight Adolescent and Children’s Healthcare (COACH) between December 2010 and June 2020.
Children (2–11 years old, n = 83) and adolescents (12–18 years old, n = 77) with severe obesity received
a long-term, tailored, multidisciplinary lifestyle intervention. After 1 year, 24 children (28.9%) and
33 adolescents (42.9%) dropped out of the intervention. The primary outcome was the change in
body mass index (BMI) z-score after one and two years of intervention. The decrease in BMI z-score
over time was significantly higher in children compared to adolescents, the mean decrease was 0.15
(0.08–0.23) versus 0.03 (−0.05–0.11) after one year and 0.25 (0.15–0.35) versus 0.06 (−0.06–0.17) after
two years of intervention; p values for the difference between children and adolescents were 0.035
and 0.012. After two years, multiple improvements in cardio metabolic health parameters were
observed, especially in children. In conclusion, during our tailored lifestyle intervention, a positive
and maintained effect on health parameters was observed in children with severe obesity. Compared
to children, the effect on health parameters was less pronounced in adolescents.

Keywords: multidisciplinary lifestyle intervention; children; adolescents; severe obesity

1. Introduction

Childhood obesity is a global health crisis that is recognized by the World Health
Organization [1]. In 2016, 124 million children and adolescents were affected by obesity [2].
Despite the continuous efforts that are being made to reduce the prevalence of childhood
obesity, there is a growing concern about the rapidly growing rates of severe obesity in
children and adolescents [3–6]. In particular, the severe grade of obesity is worrisome,
since children and adolescents with severe obesity have an increased cardiovascular risk
compared to those with obesity [7,8]. As a consequence of this, adolescents with severe
obesity have an elevated risk for the development of a fatal cardiac event later in life [9].

Multidisciplinary lifestyle intervention programs that focus on nutrition, physical
activity, and behavioral change are the most frequently applied treatment options for
children and adolescents with severe obesity. The Centre for Overweight Adolescent and
Children’s Healthcare (COACH) offers such a lifestyle intervention program that was
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proven to be successful in reducing health risks in children with overweight, obesity, and
severe obesity, all to a similar degree [10].

Research on multidisciplinary lifestyle interventions for children and adolescents
with severe obesity is limited, with only a handful of studies examining this specific
group [10–17]. A previous study reported a beneficial effect of treatment in children, but
almost no effect at group level in adolescents with severe obesity [11]. A similar pattern
was found by Danielsson et al., who reported that in 58% of the children with severe obesity
(6–9 years old), the body mass index (BMI) z-score reduced at least 0.5 units during a
three-year intervention, compared to only 2% of the adolescents (14–16 years old) [12].
Possible reasons for the limited response of adolescents to lifestyle interventions are the
suggested decline in parental influence during adolescence and the reduced adherence to
these interventions as age increases [18,19].

To date, there is a lack of long-term data comparing the effects of lifestyle interventions
between children and adolescents with severe obesity focusing on weight loss and cardio
metabolic health parameters. Therefore, this study aimed to compare the effectiveness
of the COACH lifestyle intervention on weight loss and cardio metabolic health param-
eters between children and adolescents with severe obesity after one and two years of
intervention. It was hypothesized that the COACH lifestyle intervention would result
in significantly greater reductions in BMI z-score and improvements of cardio metabolic
health parameters in children compared to adolescents.

2. Materials and Methods

2.1. Study Design and Population

This study was designed and conducted within COACH at the Maastricht University
Medical Centre (MUMC+). A longitudinal design was used to compare the effectiveness of
the COACH program between children and adolescents with severe obesity. The study was
conducted according to the Declaration of Helsinki, and it was approved by the medical
ethical committee of the MUMC+. It is registered at ClinicalTrial.gov as NCT02091544.

All children and adolescents with severe obesity who participated in the COACH
program were eligible for inclusion in this study. Severe obesity was defined according
to the International Obesity Task Force (IOTF) criteria and is comparable to a BMI ≥ 35
in adults [20]. Children were identified as participants aged 2–11 years of age at baseline,
whilst adolescents were classified as those aged 12–18 years [21,22]. The age distribution is
based on the transition from primary to secondary school, as it is known that this transition
is a major life event and many changes occur during this period [23]. Children and
adolescents with available anthropometric data after one year of intervention were included.
Inclusion ran from December 2010 through to June 2020. Children and adolescents who
underwent baseline assessment after June 2020 were not taken into account as one-year
follow-up data were not available at the time of analysis. Participants who received a
previous intervention at COACH, participants who did not receive a lifestyle intervention
or received an intervention elsewhere, and participants who underwent bariatric surgery
were excluded.

2.2. Intervention

COACH is an obesity expertise center founded in 2010, in which children with over-
weight or obesity and their families receive a tailored lifestyle intervention from a multidis-
ciplinary team consisting of pediatricians, dieticians, psychologists, pedagogues, physical
activity coaches, and nurses. This lifestyle intervention has been extensively described
elsewhere [10]. All children and adolescents receive a baseline assessment before starting
the intervention. Baseline assessment includes extensive anamnesis, physical examination,
fasted blood sampling, abdominal ultrasonography, an interview with a dietician and psy-
chologist, and questionnaires to identify underlying conditions and the presence of obesity
related comorbidities. The assessment establishes an understanding of behavior and family
function, and it is offered annually to children and adolescents to monitor comorbidities
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and weight related risk factors. The obtained information is used by the multidisciplinary
team to develop an individualized, integral treatment plan. Individual guidance is offered
to all families, with a focus on lifestyle changes pertaining to nutrition, food habits, physical
activity, sleep, and psychosocial aspects. With regard to nutrition and food habits, the
general dietary guidelines are followed and special attention is given to healthy snacks, ad-
equate intake of fruits and dairy products, less sugar sweetened beverages, eating breakfast,
adequate portion size, and shared family dinners [24]. Regarding physical activity, sleep,
and social aspects the intervention focuses on limiting sedentary time, expanding physical
activity, sleep hygiene, self-esteem, and emotional eating. Multiple behavioral change
strategies such as motivational interviewing, goal setting, positive reinforcement, social
support, and relapse prevention are employed. Individual sessions initially occur monthly,
with frequency adjusted as the individual progresses through the program depending
upon their individual needs. Besides the individual family guidance, the program offers
possibilities to participate in sport activities and activities aimed to increase knowledge
of nutrition.

2.3. Measurements

The primary outcome was the change in BMI z-score after one and two years of
intervention between children and adolescents. Secondary outcomes were the change in
cardio metabolic health parameters in and between children and adolescents after one and
two years of intervention. Outcome measures were collected at baseline, and after one and
two years of intervention (±four months). Data that did not fit within these time bands
were excluded from analysis.

2.4. Anthropometric Data

Weight and height were measured barefoot. Weight was determined using digital
scales (Seca), and height was measured using a digital stadiometer (De Grood Metaal-
techniek). Using this information, BMI was calculated (BMI (kg/m2) = weight/height2),
and BMI z-scores relative to population data from the Dutch Growth Study were obtained
using a growth analyzer (Growth Analyzer VE). Children and adolescents were considered
as overweight, obese, or severely obese according to the IOTF criteria [20]. Clinically
significant weight loss was defined as a decrease in a BMI z-score ≥ 0.25, as improvements
in body composition and cardio metabolic health parameters can be seen with this decline
in the BMI z-score [25].

2.5. Cardio Metabolic Health Parameters

Fasting serum total cholesterol (TC), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), triglycerides (TG), glucose, glycated hemoglobin (HbA1c), insulin and
alanine aminotransferase (ALT) concentrations were measured. Homeostatic model as-
sessment of insulin resistance (HOMA-IR) was calculated using the formula: fasting
glucose (mmol/L) * fasting insulin (mU/L)/22.5 [26]. Abnormal values of TC were deter-
mined as ≥ 5.2 mmol/L, for HDL as <1.0 mmol/L, for LDL as ≥3.4 mmol/L, and for TG
as ≥1.5 mmol/L [27]. According to the American Diabetes Association abnormal values for
fasting glucose were ≥5.6 mmol/L and for HbA1c ≥ 5.7% (39 mmol/mol) [28]. Besides this,
HOMA-IR values > 2.5, and ALT values > 22 U/L (0.37 μkat/L) for females and >26 U/L
(0.43 μkat/L) for males were identified as not normal [26,29].

2.6. Data Analysis

All data analyses were carried out using IBM SPSS Statistics for Windows (version
26, IBM Corp. Armonk, NY, USA). A two-sided p value ≤ 0.05 was considered statis-
tically significant. Normality was assessed using P-P plots and histograms. Numerical
data were analyzed using an independent-samples t-test or a Mann–Whitney U test in
case of non-normal distribution and categorical data with a chi-square test to determine
differences between groups at baseline. Two marginal models for repeated measures
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were used to assess and compare the change from baseline in the BMI z-score after one
and two years of intervention in children and adolescents. Model one included Group
(children/adolescents), Time (Year 1 or 2) and Group × Time as fixed factors, where an
unstructured covariance structure for repeated measures was used. Next to the fixed
factors included in model one, model two adjusted for potential confounders (gender,
parent’s education, and ethnicity). Estimated marginal means based on restricted maxi-
mum likelihood (REML) are reported with corresponding 95% confidence intervals (CI).
A likelihood-based approach for missing outcomes was applied, where variables related to
missingness (logistic regression analysis) were included in the marginal model to ensure
missingness at random (MAR). Due to small sample sizes, especially after one or two years
of intervention, independent-samples t-test or Mann–Whitney U test were used to compare
changes from baseline in cardio metabolic health parameters between the different age
categories. Paired samples t-tests or Wilcoxon signed-rank tests were applied to compare
changes from baseline within children and adolescents separately. In addition, abnormal
values of cardio metabolic health parameters between age categories were compared using
a chi-square test at each time point.

3. Results

3.1. Program Retention

A total of 251 children and adolescents with severe obesity underwent baseline as-
sessment between December 2010 and June 2020. All children and adolescents (n = 160)
of whom a BMI z-score after one year of intervention was available were included in this
study, reporting an exclusion rate of 36.3% (n = 91). Reasons for the missing BMI z-score
after one year of intervention are mentioned in Figure 1. The included and excluded chil-
dren had similar baseline characteristics, except that the included children were younger
in comparison to the excluded children (11.6 ± 4.0 versus 12.9 ± 4.2 years; p = 0.022).
In addition, significantly fewer children compared to adolescents were excluded, 27.8%
(n = 32) versus 43.4% (n = 59; p = 0.011), respectively.

Fifty-seven children and adolescents (35.6%) included in the study dropped out of
the COACH program after the first year of intervention; 24 children (28.9%) versus 33
adolescents (42.9%; p = 0.080). Reasons for dropout were lack of motivation, referral
for bariatric surgery, or starting a lifestyle intervention elsewhere (Figure 1). A logistic
regression analysis was performed to check which variables were associated with dropout
of the program, but none were significant.
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Children and adolescents with severe obesity who underwent 

baseline assessment at the COACH lifestyle intervention from 

December 2010 through to June 2020 

n = 251  

(children n = 115 (45.8%), adolescents n = 136 (54.2%)) 

Excluded, n = 91 (36.3%a) 

 

Children, n = 32 (27.8%b) 

No reason/unreachable/no motivation, n = 26 

Previous intervention at COACH, n = 3 

Intervention elsewhere, n = 3 

 

Adolescents, n = 59 (43.4%b) 

Bariatric surgery, n = 10 

No reason /unreachable/no motivation, n = 46 

Previous intervention at COACH, n = 1 

Dropout, n = 57 (35.6%c) 

 

Children, n = 24 (28.9%d) 

No reason/unreachable/no motivation, n = 23 

Intervention elsewhere, n = 1 

 

Adolescents, n = 33 (42.9%d) 

Bariatric surgery, n = 3 

No reason/unreachable/no motivation, n = 26 

Intervention elsewhere, n = 4 

 

Children waiting for follow-up, n = 4 

Children and adolescents with BMI z-score after two years 

of intervention 

n = 97 

(children n = 55 (56.7%), adolescents n = 42 (43.3%)) 

Children and adolescents with BMI z-score after one year 

of intervention 

n = 160  

(children n = 83 (51.9%), adolescents n = 77 (48.1%)) 

Figure 1. Flow diagram of the exclusion and dropout of children and adolescents with severe obesity
from the COACH lifestyle intervention. a Number of excluded participants/number of participants
with a baseline assessment from 2010 through 2020. b Number of children or adolescents who were
excluded/number of children or adolescents with a baseline assessment from 2010 through 2020.
c Dropout of the COACH lifestyle after one year of intervention/number of participants with a BMI
z- score after one year of intervention. d Number of children or adolescents who dropped out of the
COACH lifestyle intervention after one year of intervention/number of children or adolescents with
a BMI-z-score after one year of intervention.

3.2. Baseline Characteristics

The baseline characteristics of the included children and adolescents were in general
similar (Table 1). As expected, age, height, weight, and BMI were significantly higher in
the group of adolescents. Besides this, no statistically significant differences were found
regarding the cardio metabolic health parameters, except for a higher HOMA-IR and a
lower HDL in the group of adolescents.
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Table 1. Baseline characteristics of the included children and adolescents with severe obesity.

Children
n = 83

Adolescents
n = 77

p Value

Age (years, ±SD) 8.3 ± 2.4 15.2 ± 1.5 <0.001 *
Gender, no. (%)

Female 39 (47.0) 47 (61.0) 0.075
Height (m, ±SD) 1.4 ± 0.2 1.7 ± 0.1 <0.001 *
Weight (kg, ±SD) 56.1 ± 20.5 109.4 ± 18.8 <0.001 *

BMI (kg/m2, ±SD) 28.6 ± 4.6 38.9 ± 5.1 <0.001 *
BMI z-score (±SD) 4.07 ± 0.55 3.96 ± 0.40 0.139
TC (mmol/L, ±SD) 4.4 ± 0.8 4.4 ± 0.9 0.872

HDL (mmol/L, ±SD) 1.2 ± 0.2 1.1 ± 0.3 0.021 *
LDL (mmol/L, ±SD) 2.6 ± 0.7 2.7 ± 0.7 0.546
TG (mmol/L, Q1, Q3) 1.1 [0.7–1.2] 1.0 [0.7–1.3] 0.729

Fasting glucose (mmol/L, ±SD) 4.3 ± 0.6 4.2 ± 0.6 0.605
HbA1c (%, ±SD) 5.3 ± 0.5 5.3 ± 0.4 0.527

HOMA-IR [Q1, Q3] 2.6 [1.4–3.7] 4.0 [2.9–5.5] <0.001 *
ALT (U/l, Q1, Q3) 26.0 [21.0–32.0] 22.0 [16.0–36.0] 0.543

Mother’s BMI (kg/m2, ±SD) 31.6 ± 6.3 31.3 ± 7.0 0.843
Father’s BMI (kg/m2, ±SD) 29.0 ± 4.8 30.3 ± 5.1 0.158

Ethnicity, no. (%) a

Dutch 52 (62.7) 59 (77.6)
0.119Western 8 (9.6) 4 (5.3)

Non-Western 23 (27.7) 13 (17.1)
Parent’s education, no. (%) a

Low 34 (42.5) 28 (37.3)
0.795Middle 34 (42.5) 34 (45.3)

High 12 (15.0) 13 (17.3)
Data presented as number (%), mean ± SD or median [Q1, Q3]. * p value ≤ 0.05. N = number, SD = standard
deviation, BMI = body mass index, TC = total cholesterol, HDL = high density lipoprotein, LDL = low density
lipoprotein, TG = Triglycerides, HbA1c = glycated hemoglobin, HOMA-IR = homeostatic model assessment for
insulin resistance, ALT = alanine aminotransferase. a According to the Dutch Central Agency for Statistics [30,31].

3.3. BMI z-Score

Model one revealed that the BMI z-score of children was reduced by an additional
0.12 (0.01–0.23; p = 0.035) after one and an additional 0.19 (0.04–0.34; p = 0.012) after two
years of intervention compared to the BMI z-score of adolescents (Figure 2). Children
showed a significant decrease in their BMI z-score after one and two years of intervention
compared to baseline, the mean decrease was 0.15 (0.08–0.23; p < 0.001) and 0.25 (0.15–0.35;
p < 0.001), respectively. Adolescents showed a non-significant reduction in BMI z-score of
0.03 (−0.05–0.11; p = 0.417) after one year and 0.06 (−0.06–0.17; p = 0.316) after two years of
intervention. Model two, adjusting for possible confounders (gender, parent’s education,
and ethnicity), showed similar results, but only the two year difference in the change in
BMI z-score between children and adolescents was significant. The BMI z-score of children
was reduced by an additional 0.10 (−0.01–0.22; p = 0.069) and 0.18 (0.03–0.33; p = 0.018)
after one and two years of intervention compared to adolescents.

After 1 year of intervention, 21 children (25.3%) and 13 adolescents (16.9%) changed
category from severe obesity to obesity, and 2 adolescents (2.6%) changed to the overweight
category. After 2 years of intervention, 43 children (78.2%) were still severely obese,
whereas 11 children (20.0%) switched to the obese category and 1 child (1.8%) switched
to the overweight category compared to baseline. When looking at the adolescents after
2 years of intervention; 33 (78.6%) were still severely obese, 5 (11.9%) changed to the obese
category and 4 (9.5%) changed to the overweight category, compared to baseline (Figure 3).
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Figure 2. Decrease in BMI z-score after one and two years of intervention in children and adolescents
determined by a marginal model for repeated measures (including group, time, and their interaction).
Data presented as estimated marginal means and standard error. * p value ≤ 0.05, statistically
different between children and adolescents.

Figure 3. Change in IOTF criteria after one and two years of intervention presented in children and
adolescents separately. Data presented as number (%). N = number, IOTF = International Obesity
Task Force.

Children more often achieved a clinically significant decrease in their BMI z-score
(≥0.25) compared to adolescents; 27 children (32.5%) versus 12 adolescents (15.6%; p = 0.013)
after 1 year, and 27 children (49.1%) versus 10 adolescents (23.8%; p = 0.011) after 2 years
of intervention. The BMI z-score of children who achieved clinically significant weight
loss reduced with 0.50 ± 0.22 after 1 and 0.53 ± 0.19 after 2 years of intervention, whereas
the BMI z-score of the adolescents with clinically significant weight loss decreased with
0.72 ± 0.50 after 1 and 0.81 ± 0.53 after 2 years of intervention. The majority of the children
and the adolescents who did not achieve clinically significant weight loss after 1 year did
not obtain this after 2 years or dropped out of the COACH program, although 12 children
(21.4%) and 3 adolescents (4.6%) achieved clinically significant weight loss in the second
year of intervention.
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3.4. Cardio Metabolic Health Parameters

Regarding the changes in cardio metabolic health parameters after one and two years
of intervention, no significant differences were found between the two age groups, except
for the change in TC concentration after two years of intervention (Table 2). Children had a
decrease in TC concentration of 0.6 ± 0.9 mmol/L, whereas adolescents had a TC decrease
of 0.1 ± 0.8 mmol/L (p = 0.044). In children, no significant changes from baseline in cardio
metabolic health parameters were observed after one year of intervention. After two years,
significant decreases from baseline in TC concentration (0.6 ± 0.9 mmol/L; p = 0.003), LDL
concentration (0.5 ± 0.6 mmol/L; p = 0.004) and HbA1c concentration (0.1 ± 0.2%; p = 0.018)
were found in children. In adolescents, no significant reductions in cardio metabolic health
parameters were detected after one and two years of intervention, except for HbA1c. On
average, HbA1c decreased 0.2 ± 0.3% (p < 0.001) after 1 and 0.3 ± 0.3% (p = 0.006) after
2 years compared to baseline. At baseline fewer children had abnormal values of HDL
and HOMA-IR compared to adolescents; 6.8% (n = 5) versus 27.0% (n = 20; p = 0.001) and
51.5% (n = 34) versus 78.3% (n = 54; p = 0.001), respectively. After one and two years of
intervention, no differences between the number of children and adolescents with abnormal
values of cardio metabolic health parameters were observed.

Table 2. Change in cardio metabolic health parameters after one and two years of intervention in and
between children and adolescents.

Children Adolescents

Baseline—Year 1
Mean ± SD (n)

Baseline—Year 2
Mean ± SD (n)

Baseline—Year 1
Mean ± SD (n)

Baseline—Year 2
Mean ± SD (n)

TC (mmol/L) −0.1 ± 0.6 (29) −0.6 ± 0.9 (21) * # −0.1 ± 0.6 (34) −0.1 ± 0.8 (15)
HDL (mmol/L) 0.0 ± 0.2 (29) −0.1 ± 0.3 (21) 0.0 ± 0.2 (34) 0.0 ± 0.3 (15)
LDL (mmol/L) −0.1 ± 0.6 (29) −0.5 ± 0.6 (21) * −0.1 ± 0.7 (33) −0.1 ± 0.8 (15)
TG (mmol/L) 0.0 ± 0.4 (29) −0.3 ± 0.6 (21) 0.1 ± 0.7 (33) 0.0 ± 0.6 (15)

Fasting glucose (mmol/L) 0.2 ± 0.6 (27) −0.1 ± 0.7 (20) 0.2 ± 0.8 (34) 0.1 ± 0.9 (15)
HbA1c (%) −0.1 ± 0.4 (27) −0.1 ± 0.2 (21) * −0.2 ± 0.3 (34) * −0.3 ± 0.3 (15) *
HOMA-IR 0.5 ± 2.5 (23) 0.0 ± 2.5 (15) 0.5 ± 2.2 (29) −0.3 ± 1.9 (11)
ALT (U/L) −3.0 [−17.0–3.3] (28) −6.5 [−27.8–0.8] (21) 0.0 [−4.0–2.0] (34) 5.0 [−13.0–22.0] (15)

Data presented as mean ± SD or median [Q1, Q3]. * p value ≤ 0.05, statistically different change at years
1 or 2 compared to baseline in children and adolescents separately. # p value ≤ 0.05, statistically different
between children and adolescents. N = number, SD = standard deviation, TC = total cholesterol, HDL = high
density lipoprotein, LDL = low density lipoprotein, TG = Triglycerides, HbA1c = glycated hemoglobin, HOMA-
IR = homeostatic model assessment for insulin resistance, ALT = alanine aminotransferase.

4. Discussion

Global authorities have recognized the need for strategies to prevent and treat severe
obesity in children, as children and adolescents with severe obesity face immediate and
long-term health risks [1,8,9]. This study compared the effectiveness of the COACH lifestyle
intervention on health parameters between children and adolescents with severe obesity.
During the long-term tailored lifestyle intervention health parameters improved in children
with severe obesity, especially after two years of intervention. Compared to this younger
age group, fewer improvements in health parameters were observed in adolescents with
severe obesity.

The findings of the present study are in line with the findings of previously conducted
research, demonstrating a larger response of lifestyle interventions in children compared to
adolescents with severe obesity [11,12]. Knop et al. reported that 48.5% of the children with
severe obesity reached clinically significant weight loss (defined as a BMI z-score decline of
>0.25) after a one-year lifestyle intervention, whereas only 20.0% of the adolescents achieved
this weight loss [11]. Our study revealed that 32.5% of the children versus 15.6% of the
adolescents achieved clinically significant weight loss after 1 year of intervention, and 49.1%
of the children versus 23.8% of the adolescents after 2 years of intervention. These results
suggest that a selected group of adolescents respond minimally to lifestyle interventions.
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Therefore, future research should focus on identifying this selected group of non-responsive
adolescents. For this particular group other treatment options should be sought such as
enhanced lifestyle interventions or additional medical and surgical interventions.

Although not well understood, the difference in the effectiveness of lifestyle interven-
tions between children and adolescents might be explained by, amongst others, a declined
influence of parents during adolescence [18]. Previous research has shown the importance
of parental involvement in childhood obesity interventions [8]. The diminished parental in-
fluence and the increasing autonomy of the adolescents may also explain the high dropout
rates in our study. Secondly, adolescence is a developmental period characterized by
physical and cognitive development that is accompanied by stress. Stress is associated
with an increased risk of mental and cardio metabolic dysfunction and food-related coping
mechanisms that might contribute to the limited effectiveness of lifestyle interventions in
adolescents with severe obesity [32]. Thirdly, decreased physical activity in older compared
to younger children could also partly explain the difference in the effectiveness of lifestyle
interventions between children and adolescents [33].

In addition to weight loss, it is important to evaluate the effect of lifestyle interven-
tions on cardio metabolic health parameters to assess the health risks of children and
adolescents with severe obesity. Previous literature revealed the positive effects of lifestyle
interventions on cardio metabolic health parameters in children and adolescents with
severe obesity [10,14,15]. However, these studies did not differentiate between younger
and older age groups, while it is known that the younger age group has a larger BMI z-score
decrease during these interventions compared to the older age group [11,12]. Although the
numbers of children and adolescents with abnormal cardio metabolic health parameters
in our study were small, children had a greater decrease in TC concentration compared
to adolescents after two years of intervention. Besides this, significant decreases of TC,
LDL and HbA1c concentrations were found after two years of intervention in children,
and in adolescents significant decreases of HbA1c were seen. In the other cardio metabolic
health parameters similar trends were found although not significant, especially in the
children after two years of intervention. However, the changes in cardio metabolic health
parameters were small. This could be due to normal baseline values of cardio metabolic
health parameters in most children and adolescents. Therefore, future studies with a larger
number of participants with abnormal values of cardio metabolic health parameters are
warranted to evaluate differences in the effectiveness of lifestyle interventions on cardio
metabolic health parameters between children and adolescents with severe obesity.

This study has several limitations. The first limitation is the absence of a control
group without a lifestyle intervention. Therefore, our study could not take into account
the natural course of the weight of children and adolescents with severe obesity over
time. Although, the exact natural course is unknown, it is established that youth with
severe obesity are at greater risk of becoming obese in adulthood compared to youth
with obesity [3]. Secondly, the two age groups may be different in terms of hereditary
contributions and psychosocial factors. Unfortunately, due to the design of the study, not
all these influential factors could be taken into account. Another limitation is the higher
exclusion and dropout rate in the group of adolescents. Whilst this may be seen as a study
limitation, it also points out an important bottleneck in the daily practice of healthcare
professions, namely a lowered adherence to intervention as age increases [19]. Besides this,
the available amount of data with regard to cardio metabolic health parameters after one
and two years of intervention was limited. At last, body composition measurements in
combination with BMI z-score and cardio metabolic health parameters would have been a
more reliable indicator for weight loss and general health instead of BMI z-score and cardio
metabolic health parameters alone.

5. Conclusions

During our tailored lifestyle intervention, a positive and maintained effect on health
parameters was observed in children with severe obesity. Compared to children, the effect
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on health parameters was less pronounced in adolescents with severe obesity. Although a
small subgroup of adolescents achieved clinically significant weight loss during the current
lifestyle intervention, the majority of the adolescents were unresponsive. These results
advocate starting treatment for severe obesity at an early age. Additionally, for a selected
group of adolescents, enhanced lifestyle interventions possibly supplemented with medical
or surgical treatment options are needed.
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