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Figure 5. Multiple multilevel logistic regression* for fish consumption (reference category: ≥two days
a week) stratified by migration status—HBSC, Belgium, 2014 (n = 18,924). * OR < 1: More favorable for
health; OR > 1: Less favorable for health.
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3.4. Dairy Product Consumption (Reference Category: >Once a Day)

For all migration situations, neither FAS nor family structure nor parental working status was
significantly associated with dairy consumption (Figure 6). Compared with Brussels-Capital, natives
and 2nd-generation immigrants in Flanders were at significantly lower odds of consuming dairy foods
≤once a day (Figure 6).

In addition, dairy consumption frequency was significantly associated with gender in all migration
strata and with age in natives and 2nd-generation immigrants, whereas the presence of siblings was
significant only in natives. The school effect was significant in all migration strata (Figure 6).

3.5. Chips and Fries Consumption (Reference Category: <Once a Day)

Compared with those having a high FAS, natives with a low FAS were significantly more likely
to declare frequent eating of chips and fries (≥once a day) (Figure 7). High frequency was also more
likely in natives from blended or single-parent families than in those with two parents. Compared
with adolescents having one working parent and the other who stayed at home, adolescents with two
working parents were less likely to consume chips and fries ≥once a day whatever their migration
status. In natives and 2nd-generation immigrants with no working parents, high frequency was
more likely. In Flanders, compared to Brussels-Capital, adolescents among all migration groups were
significantly less likely to declare high consumption of chips and fries; in Wallonia, this was also the
case for 2nd- and 1st-generation immigrants (Figure 7).

In addition, frequent eating of chips and fries was significantly associated with gender in all
migration strata, and with age in natives and 2nd-generation immigrants. Sibling presence was
significantly associated only in 1st-generation immigrants. The school effect was significant in all
migration strata (Figure 7).

3.6. Sugar-Sweetened Beverages (Reference Category: ≤Once a Week)

In natives and 2nd-generation immigrants, the odds of declaring very high SSB consumption
(≥once a day) decreased with FAS (Figure 8). For all migration strata, adolescents from blended
families were significantly more likely to declare very high frequency. In addition, natives from
blended families were more likely to consume SSB at high frequency (2–6 days a week). In natives
and 2nd-generation immigrants, very high SSB frequency was more often seen in adolescents from
single-parent families (vs. two-parent families) and in adolescents with nonworking parents (vs. one
working parent and the other at home) and was less likely in adolescents with both parents working.
In 2nd-generation immigrants only, very high SSB frequency was also less likely in adolescents with
one parent working and the other absent from the home. In Flanders, compared with Brussels-Capital,
natives and 2nd-generation immigrants were more likely to consume SSB 2–6 days a week.

In addition, “gender and age” was significantly associated with SSB frequency in all migration
strata, whereas “siblings” was significant only in natives. The school effect was significant only in
natives (Figure 8).
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Figure 6. Multiple multilevel logistic regression* for dairy product consumption (reference category:
>once a day) stratified by migration status—HBSC, Belgium, 2014 (n = 18,541). * OR < 1: More favorable
for health; OR > 1: Less favorable for health.
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Figure 7. Multiple multilevel logistic regression* for chips and fries consumption (reference category:
<once a day) stratified by migration status—HBSC, Belgium, 2014 (n = 18,853). * OR < 1: More favorable
for health; OR > 1: Less favorable for health.
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4. Discussion

The aim of the present study was to estimate socioeconomic disparities in dietary habits of
school adolescents in Belgium from different migration backgrounds. Our results emphasize that
the migration component that was rarely considered in previous studies is fundamental regarding
dietary behavior at these ages. Indeed, dietary habits differed according to migration strata.
Furthermore, socioeconomic disparities varied amongst the migration groups: For all food groups,
disparities were particularly wide in natives and more limited in 1st-generation immigrants. Overall,
the sociodemographic and socioeconomic disparities observed in immigrants did not change after
adjusting for their geographical area of origin. By food group, the widest socioeconomic and cultural
disparities were observed for SSB and vegetables, and the least for dairy foods. Such findings provide
interesting and original hypotheses that could further support the development of health promotion
interventions in the future.

4.1. Dietary Acculturation

In descriptive analyses, immigrant adolescents, whether of the 1st or 2nd generation, were more
likely to frequently consume both healthy (fruits, vegetables, and fish, but not dairy products) and
unhealthy foods (chips and fries, SSB). In addition, a migration gradient in food frequencies was
underlined for vegetables, fish, and chips and fries: Consumption gradually increased (for healthy food)
or decreased (for unhealthy food) from natives to 2nd-generation immigrants, and from 2nd-generation
immigrants to 1st-generation immigrants. However, no significant differences were found between
1st- and 2nd-generation immigrants regarding consumption of fruits, dairy products, and SSB.

The situation of 2nd-generation immigrants in terms of food consumption, intermediate between
natives and 1st-generation immigrants, suggests ongoing acculturation. The interplay of host behavior
and culture with that of immigrants may lead to a mixture of healthy and unhealthy dietary habits.
Indeed, at a given age, 2nd-generation immigrants have probably been in Belgium much longer
than 1st-generation immigrants and are therefore more likely to be further engaged in the process of
integration of culinary habits of the host country and partial substitution of family roots, as reported
for adults in different countries [18]. In addition to the migration generation, the region of origin may
play differently in the acquisition of European dietary habits for immigrants. Indeed, differences in
dietary habits were of lower size between European, American, and Asian, than between European
and African and Middle-East immigrants. Nevertheless, the results could not be precisely interpreted
due to the cultural heterogeneity remaining in this categorization by the geographical area of origin.

The acculturation process may depend on factors such as accessibility and affordability, acting as
an “external push”, and on individual factors such as curiosity, acting as an “internal pull” [28],
which might encourage the adding of novel foods to the traditional diet, thus offering wider diversity.
Such diversity could result in greater intake via gradual adaptation to new food products [29]. This may
also explain why immigrants more frequently ate almost each food group studied. Maintaining
traditional food habits implies the availability and accessibility of such food; when this is not the case,
then people of foreign culture might progressively abandon their diet in favor of the host diet [30].
The acculturation process should also be further studied by considering the age of arrival in Belgium
of the 1st-generation immigrants, unavailable in this survey.

4.2. Socioeconomic Disparities in Dietary Habits

Our results emphasize several socioeconomic disparities in dietary habits in adolescents, mainly
in natives and 2nd-generation immigrants. Indeed, adolescents with lower FAS less frequently ate
healthy foods like fruits and more frequently consumed unhealthy foods like SSB, consistent with
previous studies [10,11]. These disparities may be explained by a lower level of familiarity or adoption
of dietary recommendations by parents [31], and by the affordability of healthy foods [32].
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Some disparities related to family structure were also revealed, mainly in natives and
2nd-generation immigrants. In line with previous studies [33,34], adolescents from blended or
single-parent families more frequently ate chips and fries and SSB and less frequently ate fruits,
vegetables and fish. Single-parent families often have fewer financial resources, thereby impairing their
access to healthy foods [32]. Indeed, in our sample, 30.8% of adolescents belonging to a single-parent
family were in a low FAS compared to 14.0% of adolescents from two-parent families and 15.7% of
adolescents from blended families (data not shown). In addition, single parents may also have less time
for monitoring meals compared to dual-parent families [33,35]. Adolescents from blended families also
tended to have less healthy food habits than adolescents from two-parent families. Indeed, stepparents
may have fewer opportunities for active involvement in their stepchildren’s education and health [33].

Moreover, parental work status disparities were observed, mainly in natives and 2nd-generation
immigrants. In our study, parental working status was mainly related to the socioeconomic condition:
10.2% of adolescents with both parents working had a low FAS, while 51.8% of adolescents with no
parents working fell into this category (p < 0.001; 24.1% in those with one parent working and one at
home, 31.5% for one parent working and the other “absent” from home). After adjustment for FAS
and other covariates, our results related to parental working status were mixed. Indeed, compared to
adolescents with both parents working, those with no working parents were more likely to frequently
eat vegetables and fish, but they also more frequently ate chips and fries and SSB (data not shown).
These results might appear surprising if we assume that parental working status is related only to
socioeconomic conditions. However, they suggest an interplay between free time and work. Indeed,
parental working status might also indicate that fully employed parents have less time to cook [36].

For all migration strata, eating habits varied according to the school region. Numerous differences
were found in consumption frequencies between adolescents attending schools in Flanders, mainly
Dutch-speaking, and those in Brussels and Wallonia, both primarily French-speaking. Another
study indicating similar regional linguistic specificities in consumption of vegetables, dairy products,
fish, and SSB in Switzerland hypothesized a possible influence of culture and eating habits of
neighboring countries [37], which might also apply to Belgium: Culinary customs in Flanders may
be strongly influenced by the Netherlands, while those in Brussels, although they do not border,
and in Wallonia, may be influenced by France, which shares the same language, i.e., French. Further,
several differences were pointed out between Brussels and Wallonia, mainly concerning 1st- and
2nd-generation immigrants. In 2011, nearly half of the inhabitants of the Brussels-Capital Region
(42.4%) were born outside of Belgium, compared to 10.2% in Flanders and 14.1% in Wallonia [38].
Since the Brussels-Capital region is multicultural, this vast proportion of immigrants might contribute
to slowing down the acculturation process; indeed, immigrants are usually surrounded by other
immigrants [17]. By contrast, in Wallonia, such a process may have been accelerated, meaning that
food habits in immigrants would differ from those of immigrants in Brussels.

Socioeconomic disparities were measurable in all food groups, except for dairy products, for which
disparities were statistically significant only for the school region. The absence of socioeconomic
disparities in consumption of dairy foods (milk, cheese, and other) could be explained by the diversity
of these products and their overall affordability.

4.3. Sociodemographic Disparities in Dietary Habits

Our results underlined gender disparities in food consumption in almost all migration strata.
Compared to boys, girls were more likely to more frequently eat fruits and vegetables, which could be
explained by taste preferences [39,40], health beliefs, and greater concern about weight [41].

After adjustment for other covariates, sibling disparities continued to be unfavorable to the single
child (except for chips and fries in 1st-generation immigrants). The sibling role in food consumption
might be explained by two opposite phenomena: “Modeling” leads to imitation of the model (i.e., of the
sibling), whereas “de-identification” leads to differentiation from the sibling [42]. The absence of
sibling disparities in immigrants could be explained by the manner in which society views sibling
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relationships and their respective roles [43]. Thus, immigrants in our study might come from countries
that do not promote sibling relationships. However, the sibling role has rarely been examined in dietary
studies irrespective of migration status [44], thus preventing interpretation. Certain psychologists
have suggested that older siblings may influence health behavior [45]; thus, birth order should be
considered when evaluating the association between diet and siblings.

4.4. Strengths and Limitations

Due to the cross-sectional design of the HBSC survey and use of self-administrated questionnaires,
a substantial sample size was obtained in each region of Belgium, along with a wide range of topics
addressed. Although both Dutch- and French-speaking surveys were conducted separately and
in different languages, standardization of the questionnaires according to the international HBSC
protocol made it possible to combine data sets [23]. However, the two surveys were not identical.
For instance, they were differently stratified in order to reach the representativeness of the linguistic
regions. Therefore, the generalization of the results to the school population in Belgium should be
interpreted cautiously. A second point related to the independence of studies is the use of reverse order
categorization for food frequencies (“never” to “>once a day” for the Dutch-speaking survey versus
“>once a day” to “never” for the French-speaking survey) may have contributed to lower frequencies
of fruit and vegetable consumption in Flanders compared to Wallonia, since initial responses may
have been chosen more frequently. This discrepancy could explain why we obtained results differing
from the final national food consumption survey (based on 24-h recall) [46]. The short HBSC FFQ
might also lead to inaccuracies due to use of large food group names rather than exact food names,
and to the overestimation of consumption frequencies [25]. However, it has been validated in Belgium
through a comparison with a seven-day record [24,25]. The conclusion was that it can be considered
reliable for “ranking subjects according to consumption of the individual food items” [25]. In addition,
we can only conclude about frequencies and the results must be interpreted as such given that a more
frequent consumption does not necessarily imply—nor rules out—a higher food amount or a higher
energy intake.

A significant strength of the current study was the use of multilevel analyses controlling for the
school effect and, therefore, cluster bias. Nevertheless, further interpreting the school effect is difficult
given that food-related school characteristics were unavailable in this study. To better understand such
effects, further studies should simultaneously consider contextual characteristics of the schools, such as
implementation of nutritional actions and canteen use. For some food groups (fruits, vegetables,
and SSB), categorization was in three instead of two, as is the case in numerous studies using
categorization and FFQ. Although disparities were narrower for the intermediate category and,
therefore, little difference from the reference category was observed, intermediate categories provided
new information in certain cases. Indeed, in natives and 2nd-generation immigrants, age-related
disparities existed for vegetables 5–7 days a week but not for vegetables <5 days a week; in addition,
school-region-related disparities existed for SSB consumption 2–6 days a week but not for SSB ≥once
a day. Although difficult to interpret, the school effect for natives might be a protective factor for fruits
5–7 days a week and a risk factor for fruits <5 days a week.

Another limitation was the rather small sample size of 1st-generation immigrants (nmax = 1605),
leading to fewer participants in some categories (nmin = 159) and resulting in loss of statistical power.
However, confidence intervals of OR and RRR (Figures 3–8) suggested that nonsignificant results
in 1st-generation immigrants were mainly due to fewer disparities rather than a lack of precision.
This rather small sample size was also restrictive for in-depth analysis stratified by countries or
continental regions of origin. To get around the small sample, results were subsequently adjusted for
geographical areas of origin. Nevertheless, some cultural heterogeneity remained in this categorization
and did not help to precisely interpret the findings.

260



Nutrients 2019, 11, 812

Several biases could also be highlighted. First, adolescents may have overreported consumption
of healthy foods and underreported consumption of unhealthy products due to social pressure [47].
Second, we observed differential distribution of fish and SSB consumption and of several covariates
(migration status, gender, family structure, FAS, parental working status, and school region)
between included participants and eligible participants not included in analyses due to missing data
(Supplementary Table S8), leading to selection bias. Interpretation of results should thus be approached
with caution, although some differences in percentages were slight, and statistical significance was
mainly due to the large sample size. The generalization of the results is limited to the school adolescents,
especially for the eldest beyond the legal school age (18 years of age in Belgium). It should also be
interpreted cautiously due to the relatively low participation rate of schools.

5. Conclusions

Overall, rather poor adolescent dietary habits indicate that efforts should be made to improve
knowledge and further prevent NCD in adulthood. The process of acculturation of dietary habits
pointed out here warrants confirmation, taking into consideration the number of years in the host
country and the age of arrival in that country. Narrower socioeconomic disparities in dietary habits
among 2nd- and 1st-generation immigrants compared to natives suggest the prevailing role of culture
in immigrant dietary habits with respect to socioeconomic conditions. Finally, our study reveals that
interventions aimed at improving dietary habits in adolescents must take into account the cultural
component of dietary habits, especially in immigrant adolescents. However, further research is
needed to better understand the role of culture and its interaction with socioeconomic components in
dietary habits.
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Abstract: Breakfast frequency is associated with cardiovascular disease (CVD) risk in Western
populations, possibly via the types of food eaten or the timing of food consumption, but associations
in Malaysian adolescents are unknown. While the timing of breakfast is similar, the type of food
consumed at breakfast in Malaysia differs from Western diets, which allows novel insight into
the mechanisms underlying breakfast–CVD risk associations. We investigated foods eaten for
breakfast and associations between breakfast frequency and CVD risk factors in the Malaysian
Health and Adolescents Longitudinal Research Team study (MyHeARTs). Breakfast (frequency
of any food/drink reported as breakfast in 7-day diet history interviews) and CVD risk factors
(body mass index (BMI), waist circumference, fasting blood glucose, triacylglycerol, total cholesterol,
high-density lipoprotein (HDL), low-density lipoprotein (LDL), and systolic and diastolic blood
pressure) were cross-sectionally associated using linear regression adjusting for potential confounders
(n = 795, age 13 years). Twelve percent of adolescents never ate breakfast and 50% ate breakfast
daily, containing mean (SD) 400 (±127) kilocalories. Commonly consumed breakfast foods were
cereal-based dishes (primarily rice), confectionery (primarily sugar), hot/powdered drinks (primarily
Milo), and high-fat milk (primarily sweetened condensed milk). After adjustment, each extra
day of breakfast consumption per week was associated with a lower BMI (−0.34 kg/m2, 95%
confidence interval (CI) −0.02, −0.66), and serum total (−0.07 mmol/L 95% CI −0.02, −0.13) and LDL
(−0.07 mmol/L 95% CI −0.02, −0.12) cholesterol concentrations. Eating daily breakfast in Malaysia was
associated with slightly lower BMI and total and LDL cholesterol concentrations among adolescents.
Longitudinal studies and randomized trials could further establish causality.

Keywords: breakfast; obesity; cardiovascular; health; BMI; waist circumference; cholesterol; blood
pressure; MyHeARTs

1. Introduction

Cardiovascular disease (CVD) is the number one cause of death globally [1]. In Malaysia, CVD
is the biggest cause of mortality, accounting for 36% of total deaths [2]. Although the incidence of
CVD (e.g., myocardial infarction and stroke) does not emerge until adulthood, CVD risk factors often
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present during adolescence [3]. For example, Malaysian children and adolescents have the highest
prevalence of overweight and obesity across the South and Southeast Asian countries, at 22.5% (95%
confidence interval (CI) 19.1−26.1) in boys and 19.1% (95% CI 16.1–22.6) in girls [4].

Over 50 cross-sectional studies, primarily in Europe and the United States, have reported consistent
inverse associations between breakfast skipping and increased risk of overweight and obesity (odds
ratio (OR) 1.55, 95% CI 1.46, 1.65) [5]. Outside of Europe and the United States, a meta-analysis of
19 cross-sectional studies in Asian populations also reported an increased risk of overweight and
obesity (OR 1.76, 95% CI 1.48, 2.08) for breakfast skippers versus consumers [6], suggesting that the
association is not limited to Western populations. Several causal mechanisms have been hypothesized
to explain why eating breakfast may protect against CVD risk (Figure 1). In pathway 1, eating breakfast
is hypothesized to reduce subsequent snacking, resulting in lower overall daily energy intake, thus
maintaining energy balance and a lower body weight. Although in observational studies, breakfast is
typically associated with higher total daily energy intakes [7]. In pathway 2, breakfast is associated with
better food choices. For example, the kinds of foods typically eaten at breakfast in the United States
and Europe tend to have cardio-protective properties e.g., wholegrain cereals that are high in fiber
and micronutrients [8]. However, as foods typically eaten for breakfast vary widely across cultures,
consistent associations of breakfast frequency across diverse countries could point to the timing of
eating as more important than the type of food eaten. In pathway 3, it is hypothesized that eating in
the morning is specifically better suited to circadian rhythms in metabolism, such that food ingested
earlier in the day is metabolized more efficiently. The hypothesized circadian pathway is supported by
acute randomized crossover experiments in adults, whereby the timing of food intake (but not the type
of food consumed) is manipulated such that delaying breakfast is related to poorer appetite control,
lower resting energy expenditure, impaired fasting lipid profiles, and reduced postprandial insulin
sensitivity [9–12]. However more recent longer-term free-living trials that manipulated the timing of
the first meal or randomized participants to receive simple advice to “eat breakfast” or not, have cast
doubt on whether observational associations are causal but instead confounded i.e., eating breakfast
may simply be an indicator of a generally healthy lifestyle [13–15]. Further research exploring breakfast
frequency and the types of food eaten for breakfast in non-western populations is required to further
understand existing observed associations.

 
Figure 1. Hypothesized mechanisms for associations of breakfast with cardiovascular disease risk.

Most research on breakfast and health has been conducted in adults, with some work in children,
but far less research has been dedicated to adolescents. However, adolescence represents a unique
phase of life involving rapid growth, hormonal fluctuations, insulin resistance [16,17], and circadian
dysregulation [18]. Considering the insulin resistance and circadian dysregulation can be influenced by
breakfast consumption [19], it is important to understand the role of breakfast consumption on health in
adolescents. In children aged 9–10 years in the 2011–2013 multi-country ISCOLE study, eating breakfast
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frequently (6–7 days/week), which varied from 58% in Brazil to 95% in Colombia, was associated with
lower body mass index (BMI) z scores in some but not all countries [20]. This observation is supported
by a systematic review including 10 longitudinal studies of children and adolescents of which eight
provided evidence of inverse associations of more frequent breakfast consumption and adiposity [21].
In Malaysia, four cross-sectional studies have identified breakfast as the most frequently skipped
meal among children and adolescents [22–25], with the prevalence of skipping breakfast varying from
17% [25] to 40% [24]. Only one cross-sectional study has examined breakfast consumption in relation
to adiposity and obesity among Malaysian 12–19 year old adolescents [26]. Adolescents consuming
breakfast five or more days/week had lower body weight, BMI, waist circumference, body fat
mass, and percentage of body fat compared to those consuming breakfast less than five days/week.
Overall, observational evidence on the association of a higher breakfast frequency with lower adiposity
in adolescents is consistent worldwide.

Given that higher adiposity is associated with poorer CVD risk profiles [27], and breakfast
frequency is associated with adiposity, one might expect to see similar associations with breakfast
frequency and cardiovascular risk. However, evidence for associations of breakfast consumption
with other CVD risk factors is less consistent. For example, fasted blood glucose concentrations were
lowest among U.K. adolescents [28] and European boys [29] reporting daily breakfast consumption,
but there was no evidence of a similar cross-sectional association among U.S. [30], Finnish [31],
Taiwanese [32], or Japanese [33] adolescents. Lower systolic blood pressure has been observed among
daily breakfast consumers in Taiwan [32] and in a European sample of boys, but no evidence of a
similar cross-sectional association was observed among European girls and U.K., Japanese [33], U.S.,
Finnish, or Iranian [34] samples. Among Australian 9–15 year old children and adolescents followed-up
as adults (aged 26–36 years), persistent breakfast skipping (defined as not eating between 0600 h
and 0900 h as a child and adult) compared to consuming breakfast consistently was longitudinally
associated with a higher waist circumference (mean difference 4.6, 95% CI 1.72, 7.53 cm), fasting serum
insulin (mean difference 2.02, 95% CI 0.75, 3.29 mU/L), total cholesterol (mean difference 0.40, 95% CI
0.13, 0.68 mmol/L), and low density lipoprotein (LDL) cholesterol (mean difference 0.40, 95% CI 0.16,
0.64 mmol/L) concentrations [35]. Among Swedish 16 year-olds followed-up to age 43 years, eating
breakfast only showed robust evidence of association with hyperglycemia (OR 1.75, 95% CI 1.01, 3.02),
but not low high density lipoprotein (HDL) concentrations or hypertension [36]. Differences in sample
sizes (ranging from 367 to 13,486 participants), diverse definitions of breakfast habits, and variation in
adjustment for confounders may explain the inconsistency in findings to date.

Another possible explanation for inconsistent associations between breakfast consumption and
CVD risk in adolescents is a lack of concurrent information on breakfast composition or diet quality.
Existing evidence has typically relied on simple self-reported questions on usual breakfast frequency
leaving it unclear how regular breakfast consumption relates to the types of food specifically eaten
in the morning. Detailed dietary assessment methods like a food diary, 24-h diet recall, or diet
history provide data on both the time of consumption and the food and nutrient content of breakfast,
enabling both the frequency and composition of breakfast to be characterized and separate possible
mechanisms to be explored. Finally, a proposed method for improved causal inference in observational
research, by reducing the possibility that associations are confounded, is to explore the consistency
of associations across high, middle- or low-income countries where the confounding structure may
differ [37]. Therefore, adding to the existing evidence base on associations between breakfast and CVD
risk, that is primarily in Western populations, by using Malaysian data may improve our understanding
of the importance of breakfast.

No study to date has investigated the association of breakfast and CVD risk in Malaysian
adolescents. In addition, few previous studies were able to explore what is eaten for breakfast in
addition to breakfast frequency. The purpose of our study was to provide a detailed description of what
adolescents ate for breakfast and investigate the association of breakfast frequency with CVD risk factors
among adolescents using data from the Malaysian Health and Adolescent Longitudinal Research study
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(MyHeARTs), including 7-day diet history enabling adjustment for potential confounders including
concurrent diet quality.

2. Methods

2.1. Study Overview and Population

MyHeARTs is a prospective cohort study of 1351 schoolchildren (aged 13 years old at baseline) that
attended 15 public secondary schools from central (Kuala Lumpur and Selangor) and northern (Perak)
regions of Peninsular Malaysia. A detailed description of the MyHeARTs can be found elsewhere [38].
All procedures in MyHeARTs were approved by the Medical Ethics Committee, University Malaya
Medical Centre according to the Declaration of Helsinki. Participation in the study was voluntary
and written informed assent and consent was obtained from participants and parents/guardians of
participants, respectively.

2.2. Dietary Assessment

Dietary intake was assessed using a seven-day diet history, which has been shown to give the most
valid estimates of energy intake in children and adolescents (Burrows et al. 2010). Dietitians conducted
open-ended interviews with the students to collect information on foods and drinks consumed during
breakfast, mid-morning snack, lunch, afternoon tea, dinner and supper over the previous seven days.
Pictures of local food and household measurement items were used to assist participants in estimating
portion sizes consumed. Food and drink energy and nutrient intakes were calculated using the
Nutritionist Pro™ Diet Analysis (Axxya Systems, Redmond, WA, USA) and Nutrient Composition of
Malaysian Foods [39,40].

To compute breakfast consumption, energy intake from all foods or drink reported during
the meal-slot identified as breakfast was combined on each day. Frequency of breakfast intake
(days/week) was calculated as the number of days where any food or drinks were reported at breakfast.
This was categorized for descriptive analyses by grouping into daily, 4–6 days/week, 1–3 days/week,
and 0 days/week. The types of food and drink reported were investigated by grouping food items into
44 groups and then analyzing the frequency that each food group was reported across all food items
in each breakfast occasions. Under-reporting of energy intake was assessed by comparing reported
energy intake to estimated basal metabolic rate and participants defined as under-reporters (n = 497)
were excluded [41]. Excluded participants were 43% male, 57% urban, 78% Malay, 12% Chinese, 7%
Indian, and 2% other ethnicity, with age mean 12.9 (±0.3) years, BMI mean (±SD) 22.2 (±5.6) kg/m2,
and a mean daily energy intake of 1126 (±278) kcal.

A dietary pattern score for each adolescent was derived using reduced rank regression [42].
The score is a weighted linear combination of the 44 food groups (Supplementary Table S1) which
predict the maximum variation in intermediate variables hypothesized to be on the pathway between
food group intake and cardiovascular health, i.e., energy density (kJ/gram), fiber density (g/MJ),
and percentage of energy intake from fat (%). A high pattern score represents an energy dense,
low-fiber diet, which is characterized by high consumption of processed meat, bread products,
chocolate, egg dishes and energy-dense Malaysian kuih (Malaysian snacks and desserts), and a low
consumption of fruit, vegetables and vegetables dishes, and soups (unpublished results).

2.3. Anthropometric and Clinical Measurements

Height was measured without socks and shoes using a calibrated vertical stadiometer (Seca
Portable 217, Seca, Birmingham, UK). Weight was measured with light clothing using a digital
electronic weighing scale (Seca 813, Seca, Birmingham, UK). Body mass index was calculated as
weight in kilograms divided by the square of height in meters (kg/m2). Waist circumference was
measured to the nearest millimeter using a non-elastic Seca measuring tape (Seca 201, Seca, Birmingham,
UK). Systolic and diastolic blood pressure were calculated as the average of three readings using a
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stethoscope and a mercury sphygmomanometer. Fasting (≥10 h) venous blood samples were obtained
from each participant and analyzed for serum total cholesterol, LDL cholesterol, HDL cholesterol,
triacylglycerol (TAG), and blood glucose concentrations. More information on the way anthropometric
and clinical measures were obtained can be found elsewhere [38].

2.4. Confounders

Physical activity was self-reported using the physical activity questionnaire (in Malay) for older
children (PAC-Q). Sex, ethnicity (Malay, Chinese, Indian, other), smoking status (yes/no), and alcohol
intake (yes/no) were self-reported in student questionnaires.

2.5. Statistical Analysis

Variables are described using mean (SD) if continuous and normal, or frequency (%) if categorical.
Normality was checked via visual inspection of histograms. Analysis of variance (ANOVA) was
performed to test the mean difference between breakfast frequency groups and continuous CVD risk
factors. Tests for linear trend were performed using a likelihood ratio test comparing a model containing
breakfast frequency (days/week) as a continuous variable with a model containing breakfast frequency
as a categorical variable (daily, 4–6 days/week, 1–3 days/week, and 0 days/week). The chi-squared test
was used to test for associations between breakfast frequency groups and categorical confounders.
Multiple linear regression analysis was used to examine the independent relationship between breakfast
frequency (days/week) and CVD risk factors. Risk factors analyzed as dependent variables were BMI,
waist circumference, fasting serum glucose, TAG, total cholesterol, HDL and LDL concentrations,
and systolic and diastolic blood pressure. Model 1 included only breakfast frequency as an independent
variable. Model 2 included breakfast frequency, sex, ethnicity, physical activity level, smoking status,
and alcohol intake. Model 3 included model 2 variables as well as BMI. Model 4 included model
3 variables together with total energy (kcal/day), total carbohydrate (% daily energy), total protein
(% energy), total fat (% energy), total cholesterol (mg/1000 kcal), total saturated fatty acid (% energy),
total sodium (mg/1000 kcal), total calcium (mg/1000 kcal), total iron (mg/1000 kcal), total fiber
(g/1000 kcal), and total sugar (% energy). Model 5 included model 4 variables together with dietary
pattern score. Statistical analyses were performed using SPSS (version 21, IBM), Stata (version 15,
StataCorp LLC, College Station, Texas, USA), and SAS (version 9.4, Marlow, Buckinghamshire, UK).

3. Results

Figure 2 shows that 795 participants had complete data based on the variables of interest and were
included in the current analysis. The characteristics of participants overall and stratified by breakfast
frequency are presented in Table 1. Fifty one percent of the sample were daily breakfast eaters, 25%
consumed breakfast 4–6 days/week, 15% consumed breakfast 1–3 days/week, and 10% of the sample
never consumed breakfast. Adolescents of Indian ethnicity were more likely to be daily breakfast
eaters (71%) compared to the overall sample, while no Chinese adolescents were identified as breakfast
skippers. Boys were more likely than girls to consume breakfast daily (58% vs. 47%). Few differences
in breakfast frequency were observed for any other individual characteristics.
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Figure 2. Number of participants with data available based on the variables of interest. CVD:
cardiovascular disease; MyHeARTs: Malaysian Health and Adolescents Longitudinal Research
Team study.

In terms of diet, adolescents who consumed breakfast but infrequently (1–3 days/week) consumed
the least total daily energy, calcium, and sugar compared to both breakfast skippers and daily consumers
(Table 1). Daily breakfast consumers had a positive dietary pattern score i.e., a more energy dense
and lower fiber density diet, compared to infrequent breakfast eaters and breakfast skippers who,
on average, had a negative dietary pattern score. Breakfasts reported in MyHeARTs contained a
mean (SD) 400 ± 127 kcal. The most frequent food groups of all food items reported at breakfast
were cereal-based mixed meals (19%), chocolate and confectionery (14%), hot and powdered drinks
(13%), high fat milk (12%), and bread (6%) (Figure 3). Cereal-based mixed meals, were mainly rice in
coconut milk (34% of cereal based mixed meals food items), fried rice (30%), and fried noodles (12%)
(Supplementary Material Table S1). Chocolate and confectionery refer to granulated sugar (99% of
chocolate and confectionery items reported at breakfast), while hot and powdered drinks, are mostly
Milo (a chocolate and malt powder drink) (40%) and malted milk powder (38%). High fat milk and
cream was primarily sweetened condensed milk (90% of items in that group) (Supplementary Material
Table S1).
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Figure 3. Food groups eaten for breakfast. Bars represent percentage of each food group from all food
items reported in breakfast occasions (n = 15,507 food items reported at breakfast). Only food groups
contributing 1% or more to all food items are displayed. Energy density (ED).

3.1. Mean of Cardiovascular Disease Risk Factors

A description of CVD risk factors by breakfast frequency is presented in Table 2. Compared to
daily breakfast consumers, those who never ate breakfast had slightly higher serum total cholesterol
concentrations (4.6 vs. 4.8 mmol/L, p = 0.01), driven by higher LDL cholesterol (2.7 vs. 2.9 mmol/L,
p = 0.01) (Figure 4). These associations were linear across the breakfast categories. Unlike the other
CVD risk variables, there was weak evidence (ptrend = 0.06) that the relationship between breakfast
consumption and BMI may be non-linear. Those consuming breakfast daily had the lowest BMI
(19.2 kg/m2), but participants who consumed breakfast infrequently (1–3 days/week), rather than
never, had the highest BMI (20.9 kg/m2; Table 2 and Figure 4). There was no evidence of other CVD
risk factors, i.e., fasting serum glucose, TAG, or HDL concentration and blood pressure, varying by
breakfast frequency, though there was some weak evidence suggesting that waist circumference was
2 cm smaller in daily vs. never breakfast consumers (p = 0.06).
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Table 2. Description of cardiovascular disease (CVD) risk factors by breakfast frequency (n = 795).

Breakfast Frequency

p-Value
(ANOVA)

ptrend
0 days/week

(n = 76)
1–3 days/week

(n = 115)
4–6 days/week

(n = 196)
Daily

(n = 408)

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

BMI (kg/m2) 19.9 (5.7) 20.9 (5.3) 20.0 (4.4) 19.2 (4.7) 0.003 0.06

WC (cm) 70.1 (12.9) 71.0 (13.4) 69.0 (10.6) 67.9 (11.6) 0.06 0.91

FBG (mmol/L) 4.9 (0.4) 4.9 (0.4) 4.9 (0.4) 4.9 (0.8) 0.79 0.61

TC (mmol/L) 4.8 (1.0) 4.6 (0.9) 4.7 (0.8) 4.6 (0.8) 0.01 0.32

HDL(mmol/L) 1.5 (0.3) 1.5 (0.3) 1.4 (0.3) 1.5 (0.3) 0.56 0.38

LDL (mmol/L) 2.9 (0.9) 2.8 (0.8) 2.8 (0.7) 2.7 (0.7) 0.01 0.41

SBP (mmHg) 109 (13) 111 (11) 109 (11) 109 (11) 0.32 0.31

DBP (mmHg) 67 (13) 68 (10) 67 (10) 68 (10) 0.45 0.34

TAG (mmol/L) 0.98 (0.60) 0.92 (0.45) 0.99 (0.47) 0.91 (0.46) 0.24 0.23

Abbreviations—ANOVA: analysis of variance; BMI: body mass index; DBP: diastolic blood pressure; FBG: fasting
plasma glucose; HDL: high-density lipoprotein; LDL: low-density lipoprotein; TC: total cholesterol; SBP: systolic
blood pressure; SD: standard deviation; TAG: triacylglycerol; WC: waist circumference.

Figure 4. Baseline associations between breakfast frequency and cardiovascular disease (CVD)
risk factors in MyHeARTs. Never = 0 days a week, n = 76; Seldom = 1–3 days a week, n = 115;
Often = 4–6 days a week, n = 196; Daily = 7 days a week, n = 408. Abbreviations—BMI: body mass
index; HDL: high-density lipoprotein; LDL: low-density lipoprotein; TAG: triacylglycerol.
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3.2. Association of Breakfast Consumption and cardiovascular disease (CVD) Risk Factors

Table 3 shows associations between breakfast frequency and CVD risk factors, before and after
adjusting for potential confounders. In the fully adjusted models, each extra day of breakfast was
associated with a lower BMI by 0.2 kg/m2 (95% CI −0.4, −0.1) and lower total cholesterol concentration
of −0.03 mmol/L (95% CI −0.06, −0.01). The lower total cholesterol concentration was driven by LDL
cholesterol, which was lower by the same order of magnitude for each extra day of breakfast (β −0.03,
95% CI −0.06, −0.01). Waist circumference was 0.5 cm (95% CI −0.84, −0.16 cm) lower per extra day of
eating breakfast per week in model 2, but the association was reduced to 0.06 cm/breakfast/week after
adjustment for BMI (model 3, Table 3). No evidence of association was observed for fasting serum
glucose or TAG concentration, serum HDL cholesterol concentration, and blood pressure.

Table 3. Multiple linear regression analysis of association of breakfast frequency and risk factors of
cardiovascular disease independent of potential confounding among participants (n = 795).

β (95% CI) p-Value

Body mass index (kg/m2)

Model 1 a −0.21 (−0.35, −0.07) 0.004

Model 2 b −0.20 (−0.34, −0.06) 0.01

Model 4 d −0.20 (−0.34, −0.05) 0.01

Model 5 f −0.18 (−0.33, −0.04) 0.01

Waist circumference (cm)

Model 1 a −0.44 (−0.78, −0.10) 0.01

Model 2 b −0.50 (−0.84, −0.16) 0.004

Model 3c −0.06 (−0.21, 0.09) 0.40

Model 4 e −0.07 (−0.22, 0.08) 0.36

Model 5 g −0.06 (−0.21, 0.09) 0.43

Fasting glucose concentration (mmol/L)

Model 1 a 0.00 (−0.02, 0.02) 0.80

Model 2 b 0.00 (−0.02, 0.02) 0.88

Model 3 c 0.00 (−0.02. 0.02) 0.79

Model 4 e 0.00 (−0.02, 0.02) 086

Model 5 g 0.00 (−0.02, 0.02) 0.82

Total cholesterol concentration (mmol/L)

Model 1 a −0.04 (−0.06, −0.01) 0.004

Model 2 b −0.04 (−0.06, −0.01) 0.003

Model 3 c −0.04 (−0.06, −0.01) 0.01

Model 4 e −0.03 (−0.06, −0.01) 0.01

Model 5 g −0.03 (−0.06, −0.01) 0.01

High-density lipoprotein cholesterol concentration (mmol/L)

Model 1 a 0.00 (−0.01, 0.01) 0.68

Model 2 b 0.00 (−0.01, 0.01) 0.66

Model 3 c 0.00 (−0.01, 0.01) 0.57

Model 4 e 0.00 (−0.01, 0.01) 0.80

Model 5 g 0.00 (−0.01, 0.01) 0.82
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Table 3. Cont.

β (95% CI) p-Value

Low-density lipoprotein cholesterol concentration (mmol/L)

Model 1 a −0.03 (−0.06, −0.01) 0.002

Model 2 b −0.04 (−0.06, −0.01) 0.001

Model 3 c −0.03 (−0.05, −0.01) 0.03

Model 4 e −0.03 (−0.05, −0.01) 0.01

Model 5 g −0.03 (−0.05, −0.01) 0.01

Systolic blood pressure (mmHg)

Model 1 a −0.18 (−0.51, 0.15) 0.28

Model 2 b −0.14 (−0.46, 0.18) 0.389

Model 3 c 0.04 (−0.25, 0.34) 0.78

Model 4 e 0.07 (−0.23, 0.37) 0.65

Model 5 g 0.07 (−0.23, 0.37) 0.65

Diastolic blood pressure (mmHg)

Model 1 a 0.11 (−0.19, 0.41) 0.48

Model 2 b 0.12 (−0.18, 0.42) 0.44

Model 3 c 0.26 (−0.03, 0.55) 0.08

Model 4 e 0.27 (−0.03, 0.56) 0.08

Model 5 g 0.27 (−0.02, 0.57) 0.07

Triacylglycerol concentration (mmol/L)

Model 1 a −0.01 (−0.02, 0.01) 0.26

Model 2 b −0.01 (−0.02, 0.01) 0.34

Model 3 c 0.00 (−0.01, 0.01) 0.92

Model 4 e 0.00 (−0.02, 0.01) 0.82

Model 5 g 0.00 (−0.01, 0.01) 0.90

Abbreviations—CI: confidence interval. a Model 1 includes only breakfast frequency. b Model 2 includes breakfast
frequency, physical activity, smoking status, alcohol intake, ethnicity, and sex. c Model 3 includes variables in model
2 plus BMI. d Model 4 includes variables from model 2 plus total daily energy (kcal), total daily carbohydrate (%),
total daily protein (%), total daily fat (%), total daily cholesterol (mg/1000 kcal), total daily saturated fatty acid (%),
total daily sodium (mg/1000 kcal), total daily calcium (mg/1000 kcal), total daily iron (mg/1000 kcal), total daily fiber
(g/1000 kcal), and total daily sugar (%). e Model 4 includes variables from model 3 plus total daily energy (kcal),
total daily carbohydrate (%), total daily protein (%), total daily fat (%), total daily cholesterol (mg/1000 kcal), total
daily saturated fatty acid (%), total daily sodium (mg/1000 kcal), total daily calcium (mg/1000 kcal), total daily iron
(mg/1000 kcal), total daily fiber (g/1000 kcal), and total daily sugar (%). f Model 5 includes variables from model 4 d

plus dietary pattern score. g Model 5 includes variables from model 4 e plus dietary pattern score.

4. Discussion

In this cross-sectional analysis of a large sample of Malaysian adolescents with detailed dietary
data and a broad range of CVD risk factors, we found evidence that breakfast frequency was inversely
associated with BMI and fasting total and LDL cholesterol concentrations, but not waist circumference,
fasting glucose, HDL or TAG concentrations, or blood pressure.

Among Malaysian adolescents in our study, 10% were breakfast skippers and 51% were daily
breakfast consumers, which is similar to a previously reported prevalence in a different Malaysian
sample of 12–19 year-olds [26]. A higher prevalence of breakfast skipping has been observed among
U.S. and Finnish adolescents (i.e., 13–16% and 16–24% respectively [31,43]) as well as higher prevalence
of daily breakfast consumption in other populations (i.e., 94% among U.K. primary school children and
89% among Taiwanese primary school children [28,32]). Differences in daily breakfast consumption
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could partly be explained by a lack of a consistent definition of breakfast in the literature [44].
For example, some studies defined breakfast based on the time of the day food was consumed, e.g.,
between 0600 h and 0900 h [35], while others based their definitions on the frequency of breakfast
(self-identified by the participant) during the week [29,32,34] or only during weekdays [31]. In addition,
adolescents with the same breakfast frequency may be in different groups across studies, e.g., breakfast
skippers in the current study are those who never consumed breakfast, while in other studies those
who never consumed breakfast are combined with irregular consumers [29].

4.1. Breakfast Associations with Cardiovascular Disease Risk Factors

Our findings agree with previous observational studies across the world showing consistent
inverse associations between frequency of breakfast consumption and BMI [5,6]. Only one study
previously investigated Malaysian adolescents (n = 236) [26], finding breakfast consumption to be
associated with lower BMI, concordant with our analysis. Interestingly, we did not find strong evidence
for a linear relationship potentially suggesting that never eating breakfast is not problematic per se,
but rather irregular consumption of breakfast on some days but not others makes energy balance
more difficult to regulate. Nurul-Fadhilah et al. [26] further found an inverse relationship between
breakfast consumption and waist circumference, which our analysis supports, but the association
was not robust to adjustment for BMI. Similar waist circumferences were found between the two
studies for infrequent breakfast consumers (~70 cm) but the waist circumference observed in frequent
breakfast consumers differed, where Nurul-Fadhilah et al. [26] found lower waist circumferences
(~64 cm) compared with MyHeARTs (~68 cm). The differences in these findings may be explained
by the comparatively homogenous sample (mostly Malay from Kelantan) with a smaller sample size
compared to the larger and more diverse MyHeARTs sample.

Our study found frequent breakfast consumption was associated with lower total cholesterol
driven by lower LDL cholesterol concentrations compared to infrequent breakfast consumption.
These findings are in agreement with some [29,35], but not all [28–30,33] previous studies. However the
effect sizes in our analyses were small and likely not clinically meaningful (~0.03 mmol/L difference
in plasma total and LDL cholesterol concentrations for each extra day of breakfast), as ≥1.0 mmol/L
reduction in LDL concentration is needed to reduce the risk of all-cause mortality by 10% in adults [45].

Previous research has reported inconsistent associations between breakfast consumption and HDL
cholesterol concentrations [30–33]. Our analyses however provided no evidence of association
in accordance with several studies [30,31,33,35]. Whilst others found statistically significant
associations [32,46], the differences in HDL cholesterol concentrations observed elsewhere were
small and unlikely to be clinically meaningful at reducing CVD risk (difference of <2 mg/dL).
Importantly, all categories of breakfast consumption in this study were associated with plasma HDL
cholesterol concentrations within the range associated with lowest CVD and mortality risk in adults [47].
Such findings may suggest that there is limited power in detecting associations between CVD risk
markers such as HDL concentrations in an overall healthy sample. Despite the inconsistencies in
statistical significance between studies, taken together there appears to be no meaningful association
between HDL cholesterol concentrations and breakfast consumption in adolescents, in line with
our results.

We did not observe evidence of association between breakfast consumption and blood pressure,
which may partially be explained by the similar sodium intakes between breakfast consumption
categories. As with HDL cholesterol concentrations, previous research has provided mixed results
regarding the relationship between breakfast consumption and blood pressure in adolescents.
Ahadi et al. [34] found breakfast consumption to be associated with lower blood pressure, supporting
previous research showing a reduced risk of hypertension [31]. The latter study however only
showed lower hypertension risk in girls who were semi-regular breakfast consumers. Our findings do
however support other research demonstrating no association between breakfast consumption and
diastolic [28,30,36,46] and systolic [30,36,46] blood pressure.
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Our analysis did not find an association between breakfast consumption frequency and plasma
TAG concentrations, supporting most other studies [28–30,48]. Smith et al. [35] found breakfast
skipping to be longitudinally associated with increased serum TAG concentrations compared to regular
breakfast consumption, potentially suggesting changes to TAG concentrations occur over a longer
period. Such a time effect may be physiologically plausible; blood TAG concentrations are typically
due to greater adiposity, but such an effect is not necessarily immediate. Since breakfast skipping has
consistently been associated with greater adiposity [5], it may be that the associations with TAG are
chronic adaptations to higher fat mass.

Lower fasting glucose concentrations have previously been associated with regular breakfast
consumption in adolescents in some [28,29,36] but not all [30,32] studies, with others finding mixed
results [31,35]. Our analyses provide no evidence for an association. However, we were unable to
investigate markers of insulin resistance (e.g., Homeostatic model assessment HOMA) due to lack
of insulin data; such a measure provides useful data due to the insulin resistance exhibited during
adolescence [16,17]. This may explain the more consistent finding (compared to fasting plasma glucose
concentrations alone) of regular breakfast consumption being associated with lower insulin resistance
in adolescents [28–30,35].

There is a lack of causal data in adolescents pertaining to glycemic regulation and breakfast
consumption. In adults, short-term experimental manipulations to meal regularity (including breakfast
omission) have detrimental effects on acute postprandial glycemic and insulinemic responses [9,49],
although longer-term breakfast consumption versus omission does not appear to negatively influence
glycemic regulation [13]. Equally, in schoolchildren, fasted plasma glucose concentrations were
unaffected by participation (compared to non-participation) in a nine-month school breakfast
program [50], supporting our analysis. Such findings suggest chronic adaptations to blood glucose
possibly occur mitigating the acute-effects of breakfast omission.

4.2. Comparisons of Breakfast Definitions

The differences in the way breakfast is defined and how frequencies are combined in each study
make it hard to directly compare associations with health and may be responsible for the disparate
findings [51]. For example Nurul-Fadhilah et al. [26] used two broad categories of breakfast, i.e.,
<5 days/week versus ≥5 days/week, which could explain the evidence for association observed for
waist circumference, in comparison to the weaker evidence observed in our study, which included
a greater number of breakfast categories. Furthermore, our study adjusted for aspects of adiposity
and diet quality, which was not the case in previous studies showing associations for fasting glucose
concentrations and blood pressure [28,32]. Different ranges of CVD risk factors could also explain
the diverse findings; for example, mean diastolic blood pressure was higher among U.K. primary
children [28] compared to our sample. Additional explanations could be the inclusion of younger
and smaller sample sizes [28,30] and the inclusion of healthier adolescents compared to the average
population [33].

4.3. Breakfast Composition and Meal Timing

Overall, our findings show some, albeit limited, evidence for a protective association between
breakfast consumption and some CVD risk factors, such as BMI, and total and LDL cholesterol
concentrations. One reason for which breakfast might be protective is the consumption of particular
foods during breakfast. The fiber contained in cereal and the high protein content of eggs have been
shown to increase satiety and improve appetite control [44,52,53]. This may explain the protective
effect of breakfast in some populations. For example, European children and adolescents typically
consume micronutrient-dense breakfast cereal (with milk) and bread [54], while in our sample the
most commonly consumed breakfast foods were cooked rice dishes, sugar, malt drinks, and sweetened
condensed milk. Considering the differences in the types of foods consumed at breakfast between
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populations, it is more likely that, if causal, breakfast relates to health because of the timing of food
intake in relation to circadian metabolic rhythms rather than the type of food consumed.

The timing of eating has been associated with improved gluco-regulatory responses in adults
(e.g., Farshchi et al. [9]). Improved postprandial metabolic responses may be of particular importance
in adolescents because of the increased insulin resistance in this population compared to childhood
and adulthood [16,17], as well as the circadian dysregulation, which often skews adolescents towards
evening chronotypes [18] typically associated with poorer general health [55]. In adults, such circadian
misalignment is causally implicated in poorer cardiometabolic health (e.g., Scheer et al. [56]), with
observational research suggesting similar health outcomes in adolescents [57]. Compared to the evening,
morning ingestion of nutrients results in lower postprandial glycemia and insulinemia, conducive to
lower CVD risk [58], making breakfast a particularly important meal. Breakfast consumption may
therefore act to improve cardiometabolic health via both circadian entrainment [59], and via exploiting
the favorable postprandial response found when ingesting nutrients in the morning compared to the
evening [60], though causal research specifically in adolescents is lacking and should be a priority for
future studies.

4.4. Strengths and Limitations

One of the main strengths of our study is that the MyHeARTs is the largest study in Malaysia, involving
adolescents from three main ethnicities, three regions, and the inclusion of rural and urban participants,
providing superior representativeness than previous studies (e.g., Nurul-Fadhilah et al. [26]). The ethnic
diversity in our analyses is a particular strength, demonstrating higher breakfast eating prevalence among
Indian participants, and no cases of skipping breakfast every day in Chinese participants. Dietary intake
was measured using a seven-day diet history, which is a valid method for estimating the energy and
nutrient intake among adolescents (Burrows et al. 2010). A broad range of demographic data, with student
lifestyle and information on parents enabled us to model the independent association of breakfast frequency
with CVD risk factors, including multiple biomarkers.

Whilst the strengths of this study mean we have provided novel data on breakfast and
cardiometabolic health in Malaysian adolescents, several limitations also need to be acknowledged.
Breakfast is notoriously difficult to define, particularly in epidemiological studies due to limitations in
data availability (e.g., wake time not being recorded). In our study, breakfast was self-defined by the
participant. Recent research has aimed to define breakfast and has proposed a wake-time-dependent
definition of within two or three hours of waking [44]. In data collection for MyHeARTs, dietitians
asked participants when their breakfast time was, and if this was after 1030 h, the meal was not
recorded as ‘breakfast’ but as a morning snack instead. Owing to early school start times in Malaysia
(~0730 h), our definition of breakfast on week days is likely to have classified some breakfasts outside
of 2–3 h of waking, thus capturing a slightly extended morning fast.

Future studies should further explore different types of breakfast which may help provide
novel insights into the role of breakfast on cardiometabolic health. For example, in our sample,
adolescents typically consumed foods such as rice and noodles for breakfast which, despite being
high carbohydrates, differ in nutritional composition to typical breakfast foods in Europe, such as
cereal, which is a vehicle for milk consumption in European children [54]. Differences in breakfast
composition may help explain some of the aforementioned disparities compared to previous research.
Future studies could explore this using meal coding, as has been done previously, to understand
meal-based dietary patterns in adults [61,62]. Additionally, understanding breakfast composition may
help elucidate whether the consistent associations with BMI are driven by breakfast food composition
or timing of nutrient intake. In the case of the latter, this would explain why we observed a protective
association with breakfast despite daily breakfast consumers having a more energy-dense, lower fiber
overall dietary pattern score, which is associated with greater adiposity in the United Kingdom [63].
This may additionally suggest further cultural differences, as typically breakfast consumption in
Western populations is associated with less obesogenic diets [64].
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Physical activity and diet were both self-reported. Although validated methods were used to
obtain these data minimizing risk of bias, there is known error within these measures, such as energy
intake underreporting bias. As such, we aimed to control for dietary misreporting by excluding
under-reporters. Finally, the cross-sectional and observational nature of the study prevents causal
inference for the associations observed owing to the possibility of reverse causation and residual
confounding. Thus, both longitudinal and randomized controlled studies are required in order to
establish the causality of the relationship between breakfast consumption and lower CVD risk factors
in this population. Longitudinal studies are particularly valuable in adolescents as some research has
suggested breakfast skipping is cross-sectionally, but not longitudinally associated with higher BMI in
adolescents with overweight, and vice versa in those in the normal BMI range [65]. Our study has
provided valuable information for hypothesis generation to aid in developing such studies.

5. Conclusion

In conclusion, the present study suggests that adolescents in Malaysia who eat breakfast more
frequently have a lower BMI, and lower plasma total and LDL cholesterol concentrations independent
of a range of confounders. Our study results specifically highlight that the benefits of breakfast (if
causal) are not limited to the types of foods typically eaten in Western populations such as breakfast
cereals, milk, or bread, but may be independent of the type of food consumed and instead related to the
timing of food intake. Furthermore, our data suggested that irregular habits may be more detrimental
to CVD risk than uniform breakfast eating vs. skipping. Previous longitudinal studies or long-term
randomized trials have not explored the potential impact of consistent versus irregular breakfast habits
or been able to differentiate changes in the timing of eating from the type of food eaten. Future research
should aim to examine whether the content, timing, or regularity of breakfast intake is associated with
lower CVD risk both longitudinally and causally within trials in adolescents.
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Abstract: Mutations leading to a reduced function of the melanocortin-4 receptor (MC4R) exert
a major gene effect on extreme obesity. Recently it was shown that the bone derived hormone lipocalin
2 (LCN2) binds to the MC4R and activates a MC4R dependent anorexigenic pathway. We identified
mutations in both genes and screened the effects of MC4R and LCN2 mutations on eating behavior
and weight change after a lifestyle intervention. One hundred and twelve children (11.24 ± 2.6 years,
BMI-SDS 2.91 ± 1.07) with abdominal obesity participated in a lifestyle intervention. MC4R and
LCN2 coding regions were screened by Sanger sequencing. Eating behavior was assessed at baseline
with the Children Eating Behavior Questionnaire (CEBQ). We detected three previously described
non-synonymous MC4R variants (Glu42Lys, Thr150Ile, and Arg305Gln) and one non-synonymous
polymorphism (Ile251Leu). Regarding LCN2, one known non-synonymous variant (Thr124Met)
was detected. Eating behavior was described in carriers of the MC4R and LCN2 mutation and in
non-carriers. MC4R and LCN2 mutations were detected in 2.42% and 0.84%, respectively, of Spanish
children with abdominal obesity. A number of subjects with functional mutation variants in MC4R
and LCN2 were able to achieve a reduction in BMI-SDS after a lifestyle intervention.

Keywords: childhood obesity; CEBQ; eating behavior and Ile251Leu

1. Introduction

Obesity has been defined by the World Health Organization (WHO) as an abnormal or excessive
body fat accumulation that may impair health [1]. Both environmental and genetic factors have
an influence on weight gain [2]. The impact of genetics on obesity is heterogeneous. For a small
number of subjects obesity is caused by mutations in single genes, for the majority of the population
obesity has a polygenic nature [2,3].
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One of the most common single genes harboring variants associated with obesity is the
melanocortin-4 receptor gene (MC4R) [4,5]. It is known as a regulator of energy homeostasis due to its
effect on food intake and energy expenditure via neuronal melanocortinergic pathways [6]. More than
369 mutations including non-synonymous, nonsense, and frameshift mutations have been identified
mainly in obese individuals [7,8]. Most of the non-synonymous mutations lead to partial or complete
loss of function of the MC4R [9]. The polymorphism Ile251Leu leads to an increased function of MC4R
and is associated with a reduced BMI [7].

The protein lipocalin 2 has been associated with obesity [10,11] and was thought to be secreted from
adipose tissue as an adipokine [12]. However recent studies discovered a ten-fold higher expression in
osteoblasts than in adipose tissue. In this line, recent studies have shown that lipocalin 2 (LCN2) binds
to the MC4R to activate MC4R-dependent anorexigenic pathways [13]. It has also been observed that
obese participants heterozygous for MC4R mutations leading to impaired function have higher levels
of plasma LCN2 than BMI-matched MC4R wild-type controls [13].

Our aim was to screen for mutations in the MC4R and LCN2 genes in a Spanish pediatric
population with abdominal obesity. Moreover, we investigated the effects on eating behavior and
weight change after participating in a one-year lifestyle intervention for carriers versus non-carriers of
MC4R and LCN2 variants.

2. Materials and Methods

2.1. Subjects

For this study, a total of 112 children between 7 to 16 years of age and with abdominal obesity
defined as a waist circumference higher than the 90th percentile [14] participate in a lifestyle intervention.
The IGENOI study is a 2-year lifestyle intervention program for children with abdominal obesity carried
out by GENOI group (“Grupo de Estudio Navarro de la Obesidad infantil”). This study is a randomized
control trial (NCT03147261) conducted in Pamplona, Spain. Children were recruited from the Pediatric
Endocrinology at “Clinica Universidad de Navarra” and “Complejo hospitalario de Navarra”, and
from health care centers around Pamplona and its neighborhoods.

Participants with previous diabetes, presence of other diseases beside obesity, major psychiatric
illness including bulimia nervosa, pharmacological treatment, food intolerance, or treatment with
special diets, or frequent alcohol or drug consumption were excluded. Children and their parents
signed a written informed consent in the screening visit. The study protocol was performed in
accordance with the ethical standards of the Declaration of Helsinki (Fortaleza, Brasil, October 2013),
and was approved by the ethics committee of the University of Navarra (Reference number 044/2014).

2.2. Experimental Design

The lifestyle intervention comprises an 8-week intensive phase (N = 104 subjects) and a follow-up
period of 10 months (N = 85 subjects, 1 year). The dropout rate was 7% at week 8 and 24% at 1 year of
follow up.

A multidisciplinary team conformed by dietitians, pediatricians, nurses, physical activity experts,
and laboratory technicians were involved in the development of the study protocol. Participants were
randomly assigned into two different groups: intensive care and usual care group, following a 3:1
ratio. The first one was given a moderate hypocaloric Mediterranean diet, as previously described [15],
while the usual care group received usual pediatric advice with healthy diet recommendations [16].
Specifically, intensive care participants were prescribed with a moderate hypocaloric diet based on
a fixed full-day meal plan. The restriction, not to interfere with growth, was calculated depending
on the degree of obesity (from −10% to −40% of total energy intake). A Mediterranean-style diet
based consists of high consumption of fruit, vegetables, whole grains, legumes, nuts, seeds, and olive
oil, minimally processed foods; moderate consumption of dairy products, fish, and poultry; and low
consumption of red meat [15]. Both groups were encouraged to increase their physical activity to at
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least 200 minutes per week as recommended by The American College of Sports Medicine to prevent
weight gain [17].

The intervention group participants had 30-minute individual sessions with the dietitian every two
weeks during the 8-week treatment phase. In these sessions a follow-up about the accomplishment of
the diet and anthropometric measurements was performed. In addition, the parents or legal guardians
had one parallel group session where they received education about their role in the study and obesity
related problems, while intensive care participants were encouraged to make healthy lifestyle decisions
about food choices, eating behavior, sedentary activities, and physical activity. On the other hand,
usual care participants and their parents received one 30-min individual session with the dietitian and
five monitoring visits to assess anthropometric parameters.

During the follow-up period, participants had monitoring visits at 3, 4,5,6,9, and 12 months from
the baseline visit.

2.3. Anthropometric, Clinical and Biochemical Measurements

All anthropometric measurements were performed at baseline, after 8 weeks, and at 1 year of
follow up according to standard procedures and calibrated tools in the paediatric population [18].
Measurements were performed by trained personnel in a wide space, while the participants were
asked to stand barefoot and wore light clothing, without hair ornaments or jewels.

Body weight and body fat were determined using a digital scale BC-418 Segmental Body
Composition Analyzer according to manufacturer instructions (Tanita, Tokyo, Japan). To measure
height, participants were asked to stand on stadiometer with the feet placed parallel and slightly
apart, and heels, buttocks, scapula, and occipital head area touching the vertical board at the same
time. A non-stretchable measuring tape (type SECA 200) was used for measuring waist circumference
(WC) and hip circumference (HC) by standard procedures (Type SECA 200). The waist-to-hip and
waist-to-height ratios were also calculated.

Body mass index was calculated as weight divided by squared height (Kg/m2). BMI-standard
deviation (BMI-SDS) is BMI values converted into standard deviation using age and specific cut-points
according to Spanish reference growth charts [19]. Pubertal status was determined using Tanner
stage and was evaluated by a paediatrician. The presence of Acanthosis Nigricans was diagnosed by
pediatricians of the team at baseline. Blood pressure was measured following standard procedures,
as described elsewhere [20].

Venous blood samples were obtained by specialized trained nurses at the Hospital after
an overnight fast. Glucose, insulin leptin, and lipid profiles were determined by standard autoanalyzer
techniques at baseline. Insulin resistance was calculated from the homeostasis model assessment of
insulin resistance (HOMA-IR).

2.4. Physical Activity

Moderate-to-vigorous physical activity was assessed at baseline using triaxial accelerometry
(Actigraph wGT3X-BT, Actigraph LLC, Penascola, FL, USA). Briefly, participants wore the accelerometer
around the non-dominant waist for four days, including, at least, two weekend days, as described
elsewhere [21]. Accelerometry data were analysed using ActiLife 6.0 software (Actigraph LLC,
Penascola, FL, USA) as describe elsewhere [22].

2.5. Children Eating Behavior Questionnaire (CEBQ)

The Children Eating Behaviour Questionnaire (CEBQ) is a multidimensional parent-reported
questionnaire about their children’s eating behaviour [23]. It includes 35 items regarding eating styles
that are clustered into eight subscales. The eight subscales are classified into two dimensions: food
approach or food avoidance. The food approach dimension comprises the following subscales:
“Emotional overeating”, “Enjoyment of food”, “Desire for drink”, and “Food responsiveness”.
Food avoidance is represented by the following: “Slowness in eating”, “Satiety responsiveness”,
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“and Emotional undereating”, and “Food fussiness”. It was fulfilled by parents or legal guardians
at baseline.

For each behaviour subscale parents report their children’s behaviour on a five-point Likert Scale,
that ranges from never, rarely, sometimes, often, or always (1 to 5). A ratio was calculated between the
sums of the food approach vs. the sum of the food avoidance subscales.

2.6. DNA Extraction

Venous blood samples were obtained on ethylendiaminetetraacetic acid (EDTA) tubes, which were
centrifuged 30 minutes after the extraction at 3500 rpm for 15 minutes at 4 ◦C. DNA was extracted
from the buffy coat fraction using a commercial kit MasterPure DNA purification kit for Blood Version
II (Epicenter Biotechnologies, Madison, WI, USA). Its quality and quantity were determined with
a Nanodrop spectrometer ND-1000 (Nanodrop Technologies, Wilmington, Delware, USA) and it was
stored at −80 ◦C until processing.

2.7. Mutation Screen

MC4R and LCN2 genes were screened for mutations. All subjects were heterozygous for the
mutations. MC4R was analyzed with one PCR fragment, while LCN2 was divided into four PCR
fragments. Methodological details can be obtained from the authors.

All samples were commercially Sanger sequenced by LGC Genomics (Berlin, Germany). Analyses
of the sequences were performed by two experienced individuals in Essen (Germany). Samples with
discrepancies were re-sequenced by Seqlab laboratories (Göttingen, Germany).

2.8. Statistical Analysis

Statistical analyses were performed using STATA version 12 (StataCorp, College Station, TX, USA).
Normality was assessed by Shapiro-Wilk. All the tests were two-sided and the significance level was
set at α = 0.05. We did not correct for multiple testing.

We used Wilcoxon rank-sum test for the comparison between subjects with Ile 251Leu MC4R
mutation and without MC4R mutation for the variables studied at baseline.

Paired t-test was applied for assessing changes in BMI-SDS between baseline vs. week 8,
and baseline vs. 1 year. Furthermore, we performed a comparison between subjects with Ile 251Leu
MC4R mutation and without MC4R mutation for changes in BMI-SDS (week 8 and one year, Wilcoxon
rank-sum test).

3. Results

One hundred and twelve children with abdominal obesity (mean age 11.24 years, males 38%,
BMI-SDS 2.93) participated in the study.

3.1. Description of Identified Variants

Mutation screen of the coding region of MC4R identified a total of four variants, three
known nonsynonymous variants, rs776051881 (Glu42Lys), rs766665118 (Thr150Ile), and rs775382722
(Arg305Gln), and one nonsynonymous polymorphism rs52820871 (Ile251Leu) (Table 1). First, we
classified variants as leading to reduced receptor function or similar to the wild type MC4R function.
Three previously reported variants (Glu42Lys, Thr150Ileu, and Arg305Gln) lead to a reduced
MC4R function as classified by in-silico predictors [24] that claim them to be disease causing.
Furthermore, some in-vitro analyses had described reduced function for the mutations Thr150Ileu and
Arg305Gln [9,25,26]. Our study shows a frequency of 2.52% of MC4R mutations leading to a reduced
function in our sample of Spanish of children with abdominal obesity.

288



Nutrients 2019, 11, 960

Table 1. MC4R and LCN2 genetic variants in Spanish children with abdominal obesity.

Gene Subject
N◦ of

Subjects
Aminoacid
Exchange

rs Number
In-silico

Prediction*
Function

Reference of
Functional Analysis

MC4R
Mutations

Glu42Lys 1 p.Glu42Lys rs776051881 Disease
causing Not known -

Thr150Ile 1 p.Thr150Ile rs766665118 Disease
causing Reduced [9,25]

Arg305Gln 1 p.Arg305Gln rs775382722 Disease
causing Reduced [26]

Polymorphisms

Ile251Leu 5 p.Ile251Leu rs52820871 Disease
causing

Like wild
type [27–31]

LCN2
Mutations

Thr124Met 1 p.Thr124Met rs79993583 Probably
harmless - -

Abdominal obesity was defined as waist circumference (WC) above the sex and age-specific 90th percentile. * In-silico
prediction was performed by mutation taster www.mutationtaster.org.

The mutation screen of the coding region of LCN2 identified a total of twelve variants, eleven
are located in intronic regions (rs2232632, rs202024127, rs11794980, rs2232629, rs2232625, rs2232626,
rs116745581, rs2232628, rs568419305, rs2232631, rs2232632) and one is a known nonsynonymous
variant: rs79993583 (Thr124Met). The analysis of all detected variants by in-silico predictors show that
three of them could be disease causing (Supplementary Table S1).

3.2. Phenotypic Description of Mutation Carriers

In Table 2 phenotypic characteristics of participants with mutations at MC4R and LCN2 genes
at baseline are described in detail. We also provide data from obese participants of IGENOI study
without mutations in the coding regions of these genes.

For 103 children (37.8% males) with a mean age of 11.32 years no mutations in MC4R and LCN2
genes were found, they are wild type carriers. Mutated subjects are compared with them in the
subsequent analyses. All wild type carriers were also obese (BMI-SDS: 2.92 ± 1.10) and 41.7% showed
clinical evidence for insulin resistance in the presence of Acanthosis Nigricans that was accompanied
by a HOMA-IR of 4.03 ± 3.17.

A 14 year-old girl was heterozygous for the Glu42Lys mutation at the MC4R gene. She suffers
from severe-obesity (BMI-SDS:4.04) reflected in a fat mass of 40.8%. The main clinical features of
this participant were leptin levels higher than expected for the BMI [32], and the presence of insulin
resistance observed as hyperinsulinemia, increased HOMA-IR (4.23), and Acanthosis Nigricans.

Mutation Thr150Ileu at the MC4R gene was observed in an eight year-old boy with a BMI-SDS of
+3.5. Biochemical parameters were normal and the participant was physically active (50.65 min/day).
One participant carries two variants at the MC4R gene: Arg305Gln and the polymorphism Ile251Leu.
She is a 12 year-old girl with a BMI-SDS of 2.91, and a fat mass of 43.2% (measured by bioimpedance).
Five independent children also carried the polymorphism Ile251Leu. They had a mean age of nine
years and a mean BMI-SDS of 2.69. In comparison with the participants with the wild type receptor,
none of the participants carrying this polymorphism showed Acanthosis Nigricans.

The polymorphism Ile251Leu of MC4R was observed in five participants with a mean age of
nine years old. We found increased levels of total cholesterol and LDL-cholesterol in comparison to
participants without MC4R mutation (p= 0.004 and p= 0.013; Wilcoxon rank-sum test). These differences
persist when subjects with the Ile251Leu MC4R mutation were compared to age and sex matched
subjects without MC4R mutation (Supplementary Table S2).

One male 15 year-old heterozygously carried the mutation Thr124Met at the LCN2 gene. Clinical
characteristics of this participant included severe obesity (BMI-SDS=+4.01) accompanied by an elevated
percentage of fat mass (38.7%). Also, a remarkable difference of higher levels of MVPA was detected in
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comparison with the wild type population. The carrier of this mutation was much more active than
the wild-type controls (120.92 min/day vs. 44.82 min/day, p = 0.088). We also evaluated the siblings
(three girls) of the index patient, all of them were obese. Two of them were also carriers of Thr124Met
(BMI-SDS: 3.47 and BMI-SDS: 3.76). The MAF for this variant in the LCN2 gene in the study population
is 0.44%.

Table 2. Baseline characteristics of heterozygous MC4R and LCN2 variant carriers and wild type
Spanish children with abdominal obesity.

MC4R Mutations
LCN2

Mutation

Wt Population Glu42Lys Thr150Ile Arg305Gln+Ile251Leu Ile251Leu Thr124Met
N 103 1 1 1 5 1

Age (years) 11.32 (2.46) 14 8 12 9 (1) 15
Sex (Male/Female) 39/64 Female Male Female 2/3 Male

Tanner (I/II/III/IV/V) 31/17/18/6/24 V I II 4/-/1/-/- V
Height (cm) 151.23 (12.72) 168 137.8 151 137.3 (13.86) 175.9
Weight (Kg) 66.71 (18.77) 97 49.1 67.2 49.94 (17.87) 112.9
BMI (Kg/m2) 28.55 (4.51) 34.4 25.85 29.5 25.64 (3.53) 36.5

BMI-SDS 2.92 (1.10) 4.04 3.5 2.91 2.69 (1.05) 4.01
WHR 0.88 (0.06) 0.90 0.89 0.93 0.86 (0.04) 0.82

% fat mass 37.22 (6.33) 40.8 32.1 43.2 33.98 (9.28) 38.7
Acantosis nigricans (+/-) 43/52 + - - 0/5 +

Glucose (mg/dL) 89.04 (6.58) 85 88 78 88.25 (6.84) 87
Insulin (μu/mL) 17.92 (13.29) 20.2 7 13.5 11.87 (6.43) 11.4

HOMA-IR 4.03 (3.17) 4.23 1.52 2.6 2.66 (1.68) 2.44
Total Colesterol (mg/dL) 162.65 (24.97) 116 162 157 198.75 (14.88)* 160
HDL-colesterol (mg/dL) 46.70 (9.96) 42 53 46 56.75 (12.25) 41
LDL-colesterol (mg/dL) 97.67 (21.15) 64 96 97 125.75 (16.82)* 99
Triglycerides (mg/dL) 94.48 (44.73) 49 64 68 81.25 ( 41.65) 98

Leptin (ng/mL) 36.41 (18.60) 90.8 14 NA 33.52 (13.11) 8.1
MVPA (min/day) 44.88 (23.69) 37.5 50.65 30.93 44.55 (18.37) 120.92

CEBQ ratio 1.22 (0.42) 0.82 1.25 NA 1.01 (0.12) 0.85

Data are expressed as mean (SD), * p < 0.05 for the comparison between Ile 251Leu MC4R mutation subjects and
subjects without MC4R mutation, Wilcoxon rank-sum test was applied Abdominal obesity was defined as WC above
the sex and age-specific 90th percentile. BMI-SDS, standard deviation score for body mass index; CEBQ, Children
Eating Behavior Questionnaire Ratio; MVPA, moderate to vigorous physical activity; WHR: waist to height ratio.

3.3. Children Eating Behavior

The eating behavior scores with four dimension charts of children with abdominal obesity at
baseline is described in Figure 1. Wild type subjects (no mutations in MC4R and LCN2 genes) had
a score of 1.19. Carriers of the MC4R Thr150Ileu and LCN2 Thr124Met variants had nominally higher
scores than wild type subjects, while participants with Ile251Leu polymorphism have lower score.

Figure 1. Cont.
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Figure 1. Childhood Eating Behavior Score (CEBQ) in Spanish children with abdominal obesity.
The Food approach/avoidant score refers to the quotient between the sums of scores of the
“food approach” subscales divided by the sum of the scores of the “food avoidant” subscales. Subjects
with mutations in MC4R (Thr124Met, Thr150Ileu) and LCN2 (Thr124Met) genes were evaluated.

3.4. Change in BMI-SDS and Mutations in MC4R and LCN2 After 8-Week and 1-Year of Follow Up

Carriers of mutations that lead to a reduced function in MC4R and LCN2 genes showed a disparity
of responses to the lifestyle intervention (Table 3). Changes in BMI-SDS of the five subject carriers
of the Ile251Leu polymorphism are quite variable with two of them not showing any improvement
at 1 year. Moreover, no significant differences in BMI-SDS changes were found after eight weeks or
one-year of follow up in mutated carriers vs. non carriers subjects in analysis conducted in matched
age and sex subjects with and without a functional mutation in MC4R (Supplementary Table S3).

Table 3. Changes in BMI-SDS according to MC4R and LCN2 variants after an 8-week and 1-year
lifestyle intervention.

ΔBMI-SDS

8 Week 1 Year

Mutation Carriers Non Carriers Mutation Carriers Non Carriers

Usual Care Group n = 27
−0.44 (0.66)***

n = 22
−0.47 (0.52)***

MC4R: Glu42Lys − 0.51 Drop out
MC4R: Thr150Ile −0.67 −0.90

Intensive Care group n = 68
−0.51 (0.38)***

n = 56
−0.60 (0.72)***

MC4R: Arg305Gln + Ile251Leu −0.13 −0.81
MC4R: Ile251Leu Mean (n = 5) −0.74 (0.41)** −1.02 (1.21)

Carrier 1 −0.95 −1.47
Carrier 2 −0.10 0.07
Carrier 3 −0.56 0.38
Carrier 4 −1.14 −1.56
Carrier 5 −0.97 −2.53

LCN2: Thr124Met −0.59 Drop out

Data are expressed as mean (SD). Paired t-test for changes between baseline vs. 8 week, and baseline vs. 1 year was
applied (** < 0.010, *** < 0.001).
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4. Discussion

To our knowledge, this is the first study evaluating MC4R and LCN2 gene variants, in a population
of children and adolescents with abdominal obesity. In addition, we measured the eating behavior in
all participants with the CEBQ. Finally, we reported changes in BMI-SDS achieved after eight weeks
and 1 year of follow-up according to the two different strategies (usual care or intensive care) and the
presence of MC4R and LCN2 gene variants.

The rate of participants carrying a MC4R mutation leading to a reduced function was 2.67 %.
This frequency is in accordance with the reported values in Czech children with obesity being 2.4% [33].
Previously, a wide variability (ranging from 0.5 to 5.8%) in the frequency of MC4R mutations had been
described in children and adolescents with obesity in different populations [33–36].

In our population, we found one extremely obese participant (BMI-SDS +4.04) carrying the
MC4R mutation Glu42Lys. This mutation was previously reported in 5.6% of Turkish children with
obesity [37]. In our case, the minor allele frequency (MAF) for this mutation was 0.89%.

Moreover, an eight year-old boy with a BMI-SDS of +3.5 was a heterozygous carrier of the MC4R
Thr150Ileu variation. This mutation had previously been described in an obese Chilean child with
a BMI-SDS of +2.79 [38]. In the Chilean population the MAF for this variant was 0.45% similar to the
observed value in our Spanish population (0.84%).

Mutation Arg305Gln of the MC4R gene was characterized in functional studies as a variation that
causes a decrease in MC4R constituently activity and in the response to the agonist [9]. We found this
mutation in a 12 year-old girl with obesity (43.2% body fat mass and BMI-SDS +2.91). This participant
also carries the Ile251Leu polymorphism. There is also a German obese boy harboring this Arg305Gln
variation (BMI-SDS +2.5) [39]. The frequency of this variation in our population is 0.84% while in the
German population was 0.19%.

Two polymorphisms in the MC4R (Val103Ileu and Ile251Leu) had been demonstrated to reduce
the risk of obesity [40–42]. Val103Ileu was described in white Europeans with frequencies between
1–4% [2]. In our study, we did not observe carriers of this variation. In other independent studies
in Spanish children the frequencies of this polymorphism were lower than in other European
countries [43–45]. The frequency of the Ile251Leu variation in our studied sample was 5.04% (6 children
with abdominal obesity), which is higher than the observed values in other Spanish and Polish pediatric
populations [28,43,44]. Heterozygous subjects for the Ile251Leu SNP showed higher levels of total
cholesterol and LDL-cholesterol. There are studies on the association between MC4R variants and
other lipid markers in several populations [31,46].

To our knowledge this is the first study evaluating non-common variants in the LCN2 gene in
children with abdominal obesity. We found one heterozygous carrier of the Thr124Met variant that
was severely obese (BMI-SDS: + 4.01) despite being physically active (more than 2 hours per day on
moderate-to-vigorous physical activity).

It has been demonstrated that LCN2 suppresses appetite by signaling trough MC4R [13]. For
this reason we evaluated eating behavior in our population with the children eating behavior
questionnaire (CEBQ), for which solid reproducibility and high internal consistency had been
reported [47]. In particular we represent graphically the multidimensionality of participants carrying
MC4R and LCN2 mutations. We observed that carriers of the Thr150Ile (MC4R) and Thr124Met (LCN2)
variants showed slightly higher eating behavior scores than obese individuals without MC4R variants.
This tentatively suggests an effect of these mutations on eating behavior, as mutation carriers showed
lower scores on food avoidance subscales. However, as the number of mutation carriers is very low,
meaningful statistical analyses are not possible.

Regarding the mutation Thr150Ile of the MC4R gene, an association between this variant and
eating behavior in three Chilean obese carriers was reported. These participants had a cognitive
restraint measured by the TFEQ-R18 questionnaire [48].

The participant carrying the LCN2 Thr124Met allele showed lower satiety responsiveness
(0.6 out of 5). This could be explained by a potential effect of LCN2 on appetite-suppressing
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activities [13]. Participants carrying the Ile251Leu polymorphism of the MC4R had lower scores
in satiety responsiveness than the wild type population (1.01 vs. 1.19). Nevertheless, carrying the
infrequent allele at MC4R Ile251Leu seems not to have an influence on eating behavior compared to
children with obesity and variations in the MC4R gene. A previous study had described association
between MC4R polymorphism rs17782313 (in the 3’ region of the gene) and childhood eating behavior.
Satiety responsiveness dimension was decreased and enjoyment of food was increased in carriers of
the CC allele [38]. However, the lack of significance in our results should be seen under the limited
statistical power as we analyzed rare variants in a relatively small study group.

In our population, participants carrying mutations in MC4R and LCN2 that lead to a reduced
function were able to achieve similar or greater reduction in BMI-SDS than children without mutation
in these genes after a lifestyle intervention. These results are in concordance with previous weight loss
MC4R studies [4,39]. It had been demonstrated that children with mutations in MC4R had a significantly
greater beneficial effect from the short lifestyle interventions than wild type carriers [49]. However, in
our study one carrier of Arg305Gln only achieved a successful reduction in BMI-SDS after one year of
intervention. When the polymorphism Ile251Leu of the MC4R gene was analyzed, some participants
showed a reduction in BMI-SDS similar to that of wild type subjects after the intervention. Limitations
of our study comprise of a relatively small sample size, the lack of a normal-weight study group, that
no functional in vitro tests were performed, and also that we cannot exclude the presence of mutations
in other genes involved in monogenic obesity.

5. Conclusions

In summary, MC4R and LCN2 mutations were detected in 2.42% and 0.84%, respectively, of Spanish
children with abdominal obesity. Our data suggests a putative association between profiles of eating
behavior and functional mutations in MC4R gene. Specifically, MC4R and LCN2 mutation carriers
having abdominal obesity were able to reduce BMI-SDS after a lifestyle intervention.
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Abstract: The purpose of this review is to summarize the scientific contributions of the International
Study of Childhood Obesity, Lifestyle and the Environment (ISCOLE) in extending our understanding
about obesity in children from around the world. ISCOLE was a multi-national study of 9 to 11
year-old children from sites in 12 countries from all inhabited continents. The primary purpose was
to investigate relationships between lifestyle behaviors and obesity, and the influence of higher-order
characteristics such as behavioral settings, and physical, social and policy environments. ISCOLE
has made several advances in scientific methodology related to the assessment of physical activity,
dietary behavior, sleep and the neighborhood and school environments. Furthermore, ISCOLE has
provided important evidence on (1) epidemiological transitions in obesity and related behaviors,
(2) correlates of obesity and lifestyle behaviors at the individual, neighborhood and school levels,
and (3) 24-h movement behaviors in relation to novel analytical techniques. A key feature of
ISCOLE was the development of a platform for international training, data entry, and data quality
for multi-country studies. Finally, ISCOLE represents a transparent model for future public-private
research partnerships across low, middle and high-income countries.

Keywords: pediatric; overweight; epidemiological transition; collaboration

1. Introduction

The prevalence of childhood obesity has increased significantly in recent years and remains high in
many countries [1]. Given the global nature of the problem, a greater understanding of context-specific
correlates of obesity is required in order to develop effective interventions that can be translated from
one setting to another. To date, there have been only limited attempts to understand the correlates of
adiposity or obesity in specific world regions using standardized methods. Large multi-country studies
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of childhood obesity and/or related behavioral risk factors (physical activity, diet, etc.) have been
largely limited to the European region [2–6]. Therefore, the primary aim of the International Study of
Childhood Obesity, Lifestyle and the Environment (ISCOLE) was to investigate relationships between
lifestyle behaviors and obesity, and the influence of higher-order characteristics such as behavioral
settings, and the physical, social and policy environments, on the observed relationships within and
between countries that vary widely in levels of human development [7]. ISCOLE was a multi-national
study of 9–11 year-old children from research sites in 12 countries from all inhabited continents ranging
widely in environmental and socio-cultural contexts.

The purpose of this paper is to summarize the scientific contributions of ISCOLE in extending our
understanding about obesity in children from around the world. The focus is primarily on the results
from analyses that utilized the 12-country dataset; nevertheless, a large number of papers have also
been generated using country-specific datasets or data from small clusters of countries. A complete list
of scientific peer-reviewed papers to date from ISCOLE can be found in the online Supplementary
Materials (Supplementary File S1).

2. Study Design

A detailed description of the ISCOLE design and methods has been published elsewhere [7].
Briefly, ISCOLE was a multi-national, cross-sectional study conducted in 12 countries (Australia, Brazil,
Canada, China, Colombia, Finland, India, Kenya, Portugal, South Africa, United Kingdom, United
States) from all inhabited continents. A total of 7372 9–11 year old children participated in ISCOLE [8].
In addition to including sites from countries across a wide range of human development, children were
sampled across a range of family socio-economic status within each country. By design, the ISCOLE
samples are not representative of the populations from which the participants were drawn. However,
an analysis of ISCOLE data compared to other available studies across many world regions suggests
that there is no evidence that the ISCOLE samples are systematically biased [9]. These results suggest
that ISCOLE data could be used cautiously to inform the development of country-level interventions
when other data are lacking.

Table 1 provides descriptive characteristics of the sample by study site, ranked according to the
prevalence of obesity. The Human Development Index (HDI) of the study sites ranged from 0.509
in Kenya to 0.929 in Australia. The average age of the sample was 10.4 years, and the prevalence of
obesity ranged from 5.4% in Finland to 23.7% in China. Level of parental education also varied among
the study sites; with the proportion of the sample with parents having at least a bachelor’s degree
ranging from 12.9% in South Africa to 73.4% in India.

All ISCOLE data were collected under a standardized research protocol using the same
instrumentation at all study sites. Data included objectively measured indicators of adiposity
and obesity (body mass index (BMI), waist circumference, body fat), lifestyle behaviors related to
obesity (diet, physical activity, sleep, etc.), demographics and family health history, the home and
neighborhood environment, and the school environment. All information was entered remotely
(anthropometry, questionnaires, etc.) or uploaded (accelerometry) on a secure web-based data entry
platform. ISCOLE employed a rigorous quality assurance and quality control program. This program
included comprehensive in-person training and certification of all investigators and staff, random
remote source data verification, in-person site monitoring visits, and data cleaning and final source
data verification [7].
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3. Advances in Scientific Methodology Related to the Assessment of Physical Activity, Sleep,
Dietary Behavior, and the Neighborhood, Home and School Environments

Mounting a multi-national study of the scale of ISCOLE required the development of novel
methods and the adaptation of existing tools that could be applied in sites that ranged considerably in
level of human development. This section summarizes some of the methodological advances that were
developed during the planning and implementation of ISCOLE. As described above, we have made all
of our protocols and algorithms publicly available, and we have summarized our contributions to the
use of accelerometry in large studies in detail elsewhere [11,12].

3.1. Physical Activity

A major strength of ISCOLE was the objective assessment of physical activity and sedentary
behavior using a waist-mounted accelerometer protocol that was deployed in all study sites [7,11].
Awake-time wear protocols typically require the participants to remove their accelerometer before
going to bed and then to reapply it in the morning upon waking. Concerns about wear time compliance
have led some investigators to adopt a wrist-mounted rather than a waist-mounted protocol [13].
For example, the U.S. National Health and Nutrition Examination Survey (NHANES) switched
from a waist-mounted to a wrist-mounted protocol between the 2005–2006 and 2011–2012 cycles
of the survey [13]. In ISCOLE, we chose to attempt to improve wear time compliance by using a
waist-mounted 24-h protocol rather than moving to a wrist-mounted protocol [7,14].

The 24-h protocol employed in ISCOLE resulted in impressive increases in wear time in comparison
to previous studies. The average wear time in ISCOLE was 22.8 h per day [8]. Given that NHANES
used a wake-only protocol, no direct comparisons can be made for total wear time. However, we
conducted a study comparing the US ISCOLE site with the 2003–2006 NHANES (that used the waist
mounted protocol), and the awake wear time in ISCOLE was 14.7 h per day compared to 13.7 h per day
in NHANES, which represents a one hour per day improvement when using the 24-h protocol [14].

Using a 7-day protocol allowed us to estimate the reliability of accelerometer-determined physical
activity and sedentary behavior [15]. The estimated minimum number of days needed to achieve a
reliability of G ≥ 0.8 ranged from 5 to 9 for boys and 3 to 11 for girls for light physical activity; 5 to 9
and 3 to 10 for moderate-to-vigorous intensity physical activity; 5 to 10 and 4 to 10 for total activity
counts; and 7 to 11 and 6 to 11 for sedentary time, respectively [15]. The results demonstrate that, in
most cases, close to seven days of monitored time is required to achieve adequate reliability; and future
studies should take this into account when designing their protocols.

3.2. Sleep

The availability of seven days of 24-h accelerometry data in ISCOLE provided an opportunity to
develop algorithms to objectively identify the sleep period [16,17]. Over several months, we developed
a fully automated algorithm for identifying the nocturnal total sleep episode time in two stages. The
first step was to develop and validate an initial algorithm against expert visual inspection of the
data [16]. The initial algorithm combined aspects of the Sadeh algorithm [18] for sleep–wake scoring,
made use of the inclinometer function in the accelerometer, and built upon the framework of the
publicly available non-wear algorithm developed by the National Cancer Institute [19]. The initial
algorithm identified sleep onset (i.e., ‘bedtime’) and sleep offset (i.e., ‘waking’) times. The second
step was to refine the algorithm by adding the ability to identify disrupted nocturnal sleep episodes
(and exclude episodes of nighttime non-wear/wakefulness) and avoid misclassification of daytime
non-wear or sedentary behavior as sleep [17]. Compared with sleep logs, we achieved acceptable
levels of accuracy (<10% mean absolute percent difference) [17]. The Pennington Biomedical Research
Center (PBRC) hosts public web-based access to both the original [20] and refined [21] algorithms.
As a companion to the sleep algorithms, we have published a full catalog of nocturnal sleep-related
variables in ISCOLE [22].

300



Nutrients 2019, 11, 848

3.3. Dietary Behavior

The primary dietary information used in ISCOLE was collected using a Food Frequency
Questionnaire (FFQ) adapted from the Health Behavior in School-aged Children Survey [23]. The
ISCOLE FFQ asks about the consumption of 23 food items, and was adapted for use in each of the
12 study sites [7]. We conducted a reliability and validity study in three culturally different study
sites (Finland, US, and Colombia) [24]. Reliability correlation coefficients from two surveys completed
~5 weeks apart ranged from 0.37 to 0.78 and gross misclassification for all food groups was <5%.
Validity correlation coefficients were below 0.5 for 22/23 food groups and gross misclassification was
<5% for 22/23 food groups. Over- or underestimation did not appear for 19/23 food groups [24].

To identify dietary patterns, principal components analyses (PCA) were carried out using weekly
portions as input variables [25]. Both site-specific and pooled data showed that dietary behaviors
in ISCOLE to be well defined by two component solutions. We labelled the first component as the
“unhealthy diet pattern”, which included sugar-sweetened sodas, fast foods, ice cream, fried food,
French fries, potato chips, and cakes. The second component we characterized as the “healthy diet
pattern”, which included dark-green vegetables, orange vegetables, fish, cheese, whole grains and
fruits. Figure 1 presents the loadings for the two principal components.

Figure 1. Principal component loadings for the healthy and unhealthy diet pattern scores in the
International Study of Childhood Obesity, Lifestyle and the Environment (ISCOLE) (all sites combined),
from Mikkila et al. [25].

3.4. Neighborhood, Home and School Environments

Information on several aspects of the neighborhood, home and school environments were collected
in ISCOLE using a variety of approaches. A neighborhood and home environment questionnaire, which
was based on the Neighborhood Impact on Kids (NIK) survey [26], was completed by parents/guardians.
The school environment was assessed using two approaches. First, a school administrator questionnaire,
which covered school facilities, healthy eating and physical activity policies, extracurricular activities,
frequency of physical education and breaks (recess), and availability of healthy and unhealthy food, was
completed by a school official [7]. Second, a school audit of the physical environment was performed at
each participating school by one of the study staff. Each site completed a reliability audit (simultaneous
audits by two independent, certified data collectors) for a minimum of two schools or at least 5% of
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their school sample [27]. For the assessed environmental features, inter-rater reliability (kappa) ranged
from 0.37 to 0.96; 18 items (42%) were assessed with almost perfect reliability (K = 0.80–0.96), and a
further 24 items (56%) were assessed with substantial reliability (K = 0.61–0.79) [27]. These results
suggest that the ISCOLE school audit can be used to conduct reliable objective audits of the school
environment across diverse, international school settings. However, the administration of the school
audit tool can be challenging in some contexts, such as in countries where snow may cover or change
aspects of the school environment. Furthermore, research is required to validate these tools under
different environmental conditions.

4. Epidemiological Transitions in Obesity and Related Behaviors

The theory of epidemiologic transition characterizes long-term changes in patterns of morbidity
and mortality away from causes related to undernutrition and infectious diseases towards chronic
‘man-made’ diseases as countries become more developed [28]. Related to the concept of epidemiological
transition, theories about parallel nutritional and physical activity transitions have been described [29,30].
The nutrition transition is characterized by a shift away from traditional diets that were based on staple
grains, local legumes, and fruits and vegetables, towards a diet comprised of more animal-based food
products and processed food high in saturated fats and sugar [29]. The physical activity transition is
characterized by long-term shifts in physical activity patterns away from necessity (acquiring food,
water and shelter, escaping predation, procreation or transport in settings with low motor vehicle
availability) towards a largely inactive lifestyle in high-income countries where physical activity has
been successfully engineered out of our everyday lives. In high-income countries, humans no longer
need to be physically active out of necessity but instead act out of choice to be physically active because
of enjoyment, maintenance of body weight, employment, and the prevention of chronic diseases [30].
Whereas in lower-middle income countries where car availability remains relatively low in comparison
to high income countries, physical activity could be more reflective of purposeful transport rather than
leisure pursuits. These parallel transitions in nutrition and physical activity may contribute to the
increased chronic disease burden associated with the epidemiological transition, such as higher rates of
obesity, type 2 diabetes, cardiovascular disease, and many cancers.

A review of studies from Western developed countries published between 1990 and 2005 concluded
that there was a significant inverse association between socio-economic status and obesity and that
positive associations had all but disappeared [31]. However, little is known about how indicators of
childhood obesity vary across levels of socio-economic status among countries at different levels of
the human development index (HDI). ISCOLE was uniquely positioned to answer this question. Our
results demonstrated that BMI and percent body fat were positively associated with family income in
countries with low HDI, negatively associated in countries at high HDI, with no association in countries
with an HDI in the midrange [32]. Similar patterns were observed for the association between HDI
and the prevalence of obesity (Figure 2), reflecting variability in the stages of nutrition and physical
activity transitions among countries.

In addition to obesity, we tested for socio-economic gradients in physical activity, dietary patterns
and sleep duration in ISCOLE [33–35]. In girls, time spent in moderate-to-vigorous physical activity
was negatively associated with family income at the 10th and 50th percentiles HDI (all p < 0.012); and
positively related with family income at the 90th percentile (p = 0.044) [35]. In boys, time spent in
moderate-to-vigorous physical activity was also negatively associated with family income at the 10th
and 50th percentiles of HDI (both p < 0.001) [35]. These results are consistent with the existence of a
physical activity transition. A parallel analysis of dietary patterns demonstrated that lower family
income was associated with a higher “unhealthy” dietary pattern score and a lower “healthy” dietary
pattern score in many countries; however, the pattern was not reflective of a nutrition transition in
dietary patterns in these counties [34]. Finally, we also explored the association between sleep duration
and family income [33]. No significant associations were observed in any site, and the summary odds
ratio was also not significant (OR = 0.94; 95% Confidence Interval (CI) = 0.60 – 1.47) [33].
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Figure 2. Income gradients in obesity prevalence across levels of HDI in (A) girls and (B) boys from
ISCOLE. Low, middle and high human development index (HDI) correspond to the 10th, 50th and 90th
percentiles of the ISCOLE sample (HDI = 0.52, 0.72 and 0.91, respectively). Tests for linear trend are
indicated: * p < 0.05; ** p < 0.001; *** p < 0.0001. Figure is adapted from Broyles et al. [32].

In summary, in ISCOLE, we found evidence of epidemiological transitions in obesity and physical
activity, but not for dietary patterns and sleep duration. Furthermore, research is required to better
characterize country-level changes in these behaviors using temporal surveillance data in countries
undergoing rapid economic and social development.

5. Correlates of Obesity and Lifestyle Behaviors at Multiple Levels

5.1. The Socio-Ecological Model

The socio-ecological model is a variant of the root Ecological Systems Theory firstly developed by
Bronfenbrenner [36]. Socio-ecological models have been proposed as frameworks to think about the
influences of factors at several levels (individual, social, physical and policy environments) on obesity,
physical activity and dietary intake [37–39]. ISCOLE was designed to help answer some questions
about the contributions of factors at multiple levels of the socio-ecological model to childhood obesity
and related behaviors. Our study was a nested design, with individuals (Level 1) nested within schools
(Level 2), which were in turn nested within study sites (Level 3). This design necessitated the use of
multi-level mixed models for data analysis. This approach also allowed us to partition the percentage
of the variance in several variables that is explained by factors at all three levels. The multilevel
model is highly elegant in its statistical formulation [40], as well as its versatility [41] which made
it a valid model to use with the hierarchical system of information gathered from different levels as
in ISCOLE—individuals nested within schools which are nested within research sites. Furthermore,
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within-level as well as cross-level interactions were considered as per the ISCOLE framework, and
these were modeled and statistically tested to verify their substantive tenability.

We undertook an analysis that estimated the proportion of the variance in several key variables
at the study site, school and individual levels [42]. The proportion of the variance in BMI and waist
circumference explained at the individual level is greater than 90%; the proportion of the variance
explained in dietary patterns, sleep, physical activity and sedentary time at the individual level ranges
between 66% and 88%, while the proportion of the variance in in-school physical activity and in-school
sedentary behavior explained at the site and school levels is between 46% and 75%, with less of a
contribution from individual-level factors [42]. These results suggest that interventions that target
policy and environmental changes for increasing school-based physical activity and reducing in-school
sedentary behavior may enhance obesity intervention efforts.

5.2. Obesity

Several analyses have been undertaken to identify the correlates of obesity in ISCOLE. Our
first investigation involved determining the associations between several lifestyle traits (healthy diet
patterns, unhealthy diet patterns, moderate-to-vigorous physical activity, TV viewing time, and sleep
duration) and the presence of obesity [8]. The odds ratios for obesity (per standard deviation of
the predictor variable) were 0.51 (95% CI: 0.45–0.57) for moderate-to-vigorous physical activity, 0.79
(95% CI: 0.72–0.86) for sleep duration, and 1.11 (95% CI: 1.04–1.19) for TV viewing time, while the diet
pattern scores were not related to obesity [8]. The results were consistent in boys and girls. These
findings led to an in-depth examination of the associations among obesity and accelerometer-derived
measures of physical activity and sedentary behavior [43]. In the overall sample, the odds ratios for
obesity (per standard deviation of each predictor variable) were significant for sedentary time (1.19;
1.08–1.30), moderate-to-vigorous physical activity (0.49; 95% CI, 0.44–0.55), and vigorous physical
activity (0.41; 0.37–0.46). Furthermore, the associations of moderate-to-vigorous physical activity and
vigorous physical activity with obesity were significant in all 12 sites, whereas the association between
sedentary time and obesity was significant in five of the 12 sites [43].

Active school transport is one potential opportunity for children to accumulate physical activity
during the day. Thus, we examined the association between active school transport and indicators of
adiposity in ISCOLE [44]. After adjusting for several covariates, children who reported active school
transport were less likely to be obese (odds ratio = 0.72, 95% CI: 0.60–0.87) and had a lower BMI z-score,
percent body fat and waist circumference (all p < 0.05) compared with those who reported motorized
travel [44]. Furthermore, the associations between active school transport and obesity did not differ by
country or by sex.

Although we found that dietary patterns were not related to obesity in ISCOLE [8], we further
explored the association between specific dietary behaviors and obesity. For example, frequent
breakfast consumption was associated with lower BMI z-scores compared with occasional (p < 0.0001)
and rare (p < 0.0001) consumption, as well as lower percentage body fat compared with occasional
(p < 0.0001) and rare (p < 0.0001) consumption [45]. These associations differed significantly across
study sites, and further research is required to understand these differences. We also explored the
association between soft drink consumption and obesity [46]. There was a significant linear trend
for increasing BMI z-scores across increasing consumption of regular soft drinks in boys (p = 0.049),
but not in girls. On the other hand, there was no significant linear trend across categories of diet
soft drink consumption in boys, but there was a graded, positive association in girls for BMI z-score
(p = 0.0002) [46].

Evidence from high-income countries has identified associations between gestational diabetes and
birth weight with subsequent childhood obesity. We explored these associations in the multi-national
sample from ISCOLE. Compared to children with mothers who did not experience gestational diabetes,
children with mothers who experienced gestational diabetes had an odds ratio of 1.53 (95% CI: 1.03–2.27)
for obesity, 1.73 (95% CI: 1.14–2.62) for central obesity, and 1.42 (95% CI: 0.90–2.26) for high percentage

304



Nutrients 2019, 11, 848

body fat [47]. Furthermore, the odds ratios for obesity were 1.45 (95% CI: 1.10–1.92) for those with
birthweight of 3500–3999 g and 2.08 (95% CI: 1.47–2.93) for those with birthweight ≥4000 g, compared
with those with birthweight of 2500–2999 g [48]. The positive association between birth weight and
obesity was linear in girls, whereas it was U-shaped in boys. We further explored the association
between birthweight and obesity by examining interactions with physical activity and sedentary
behavior. Interestingly, the positive association between birthweight and obesity was significant among
children with either low moderate-to-vigorous physical activity or high sedentary time, but not among
children with either high moderate-to-vigorous physical activity or low sedentary time [49].

Building upon the evidence supporting the inter-generational transmission of obesity, we found
that parental overweight was associated with childhood overweight in the overall ISCOLE sample [50].
Furthermore, parental education was differentially associated with childhood overweight across the
ISCOLE study sites, and more research is required to understand the context-specific associations
between parental education and childhood overweight and obesity.

5.3. Physical Activity and Sedentary Behavior

Current public health recommendations call for children and youth to accumulate at least 60 min
of moderate-to-vigorous physical activity every day [51]. In ISCOLE, 4.8% of children achieved≥60 min
of moderate-to-vigorous physical activity for all seven days of the week, while 25.5% attained the
recommendation ≥5 days [52]. Furthermore, a total of 18.8% of the sample did not accumulate ≥60 min
of moderate-to-vigorous on any of the monitored days [52]. There was variability in compliance to the
guidelines across sites: the mean number of days of compliance ranged from 1.8 days per week in
the United States to 3.5 days per week in Colombia [52]. Given the availability of 24-h, time-stamped
accelerometry data and detailed information about the start and stop times for each student’s school in
ISCOLE, we were able to differentiate between before-school, during-school and after-school physical
activity and sedentary behavior.

Physical education classes are an important opportunity for physical activity in children and
youth. In ISCOLE, approximately 25% of participants reported attending physical education classes on
three or more days per week [53]. After adjusting for several covariates, children who took physical
education classes were more likely to have higher levels of physical activity and shorter time in spent
in sedentary behavior both in and out of school during the school week [53].

We also found that children who used active school transportation had significantly higher
weekday moderate-to-vigorous physical activity and significantly lower light physical activity before
school compared with children who used motorized transport to school [54]. On average, children
who used active transportation accumulated 6.0 (95% CI: 4.7–7.3) min more moderate-to-vigorous
physical activity per day than children who used motorized transportation. There was wide variability
in the prevalence of active school transportation across study sites, which varied from 5.2% in India to
79.4% in Finland [55]. We found wide variability in the correlates that were associated with active
school transport across study sites. Longer trip duration (≥16 min vs. ≤15 min) was associated with
lower odds of active school transportation in eight sites; whereas individual and neighborhood factors
were associated with active school transportation in three sites or less [55].

In ISCOLE, we also investigated home and neighborhood correlates of physical activity. Across
sites, children with at least one piece of electronic media in their bedroom had lower levels of
moderate-to-vigorous physical activity than those who did not (p < 0.001) [56]. More frequent physical
activity in the home and yard, ownership of more frequently used play equipment, and higher social
support for physical activity were also associated with higher moderate-to-vigorous physical activity
(p < 0.0001). However, association between play equipment ownership and moderate-to-vigorous
physical activity varied across study sites (pinteraction < 0.01), suggesting that cultural differences should
be studied further when developing interventions or making recommendations [56].

Aspects of the neighborhood social environment (collective efficacy and perceived crime) were
also studied in ISCOLE as potential correlates of moderate-to-vigorous physical activity [57]. Collective
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efficacy was inversely associated with moderate-to-vigorous physical activity among children in
low/lower-middle-income countries (β = −1.96; 95% CI: −3.72, −0.19) while it was positively associated
with moderate-to-vigorous physical activity among children in high-income countries (β = 1.86;
95% CI: 0.76, 2.96) [57]. Perceived crime was significantly associated with lower moderate-to-vigorous
physical activity (β = −2.12; 95% CI: −3.18, −1.06) among children in high-income countries but
was not significantly associated with moderate-to-vigorous physical activity among children from
low/lower-middle-income countries or upper-middle-income countries [57]. These results demonstrate
heterogeneity in associations between aspects of the neighborhood environment and physical
activity that need to be taken into account when developing strategies that target these correlates in
different settings.

In addition to physical activity, we also investigated associations of 21 potential correlates with
accelerometer-determined sedentary time and self-reported TV viewing time [58]. Boys reported
greater TV viewing time than girls, while in 9 of 12 sites, girls engaged in more objectively-measured
sedentary time than boys. Common correlates of sedentary time and TV viewing time included excess
weight status, not meeting physical activity recommendations, and having a TV in the bedroom [58].

The associations between sleep and movement behaviors are currently of great interest [59].
In ISCOLE, sleep duration was negatively associated with moderate-to-vigorous physical activity and
sedentary time, while sleep efficiency was negatively related to moderate-to-vigorous physical activity
and positively associated with sedentary time [60]. The availability of time-stamped accelerometry
data allowed us to examine temporal associations between sleep, physical activity and sedentary
time [61]. Results showed that the relationships between sleep and physical activity and sedentary
time are bi-directional. For example, for each one standard deviation (SD) unit increase in sleep
duration, sedentary behavior was 0.04 SD units lower the following day, while light physical activity
and moderate-to-vigorous physical activity were 0.04 and 0.02 SD units higher, respectively. Sleep
duration was 0.02 SD units lower and 0.04 SD units higher for each one SD unit increase in sedentary
time and moderate-to-vigorous physical activity, respectively [61]. While these results highlight the
interactions between sleep and movement behaviors, the small effect sizes suggest that the clinical
implications may be modest.

5.4. Dietary Patterns

As previously described, “healthy” and “unhealthy” dietary pattern scores were derived from
FFQ data in ISCOLE [25]. Figure 3 presents the mean dietary scores across study sites. The results
demonstrate variability in dietary pattern scores across countries, with the highest healthy dietary
pattern score found in Canada, while the lowest is found in Colombia. Finland had the lowest
unhealthy dietary pattern score while South Africa had the highest.

We explored the potential home and school environments as correlates of dietary patterns [62].
Here, we found that more meals eaten outside home and school were associated with higher unhealthy
diet pattern scores. Furthermore, low availability of empty-calorie foods at home was found to be
more important than high availability of wholesome foods at keeping unhealthy diet pattern scores
low. The availability of wholesome foods at home was positively associated with the healthy diet
pattern scores, while food availability at school was not associated with the dietary patterns [62]. In the
ISCOLE sample, the home food environment was more significant than the school food environment
in predicting the child’s dietary patterns.

Given the availability of objective measures of sleep in ISCOLE, coupled with the FFQ data, we
were able to study the association between sleep and dietary variables [60,63]. Both sleep duration and
sleep efficiency were negatively associated with the unhealthy diet pattern score [60]. Interestingly,
shorter sleep duration was associated with higher intake of regular soft drinks, while earlier bedtimes
were associated with lower intake of regular soft drinks and higher intake of energy drinks and sports
drinks [63]. More research is required to better understand the underlying mechanisms that might link
beverage consumption to sleep patterns.
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Figure 3. Mean dietary pattern scores across ISCOLE study sites. (A) presents the mean scores for the
“healthy dietary pattern” and (B) presents the mean scores for the “unhealthy dietary pattern”. Data
were obtained from Mikkila et al. [25].

5.5. Higher-Order Correlates

Given that ISCOLE data were collected across multiple seasons in several geographical regions
of the world, we were able to explore associations with other potential “higher-order” correlates of
obesity and lifestyle behaviors. For example, we explored the association between moon phase, sleep
and physical activity using data from 33,710 24-h accelerometer recordings of sleep and activity [64].
While differences in moderate-to-vigorous physical activity, light physical activity, and sedentary
time between moon phases were negligible and non-significant (<2 min/day), sleep duration was
significantly shorter (~5 min/night) during the full moon phase compared to the new moon phase [64].
Despite the statistical significance of the association between moon phase and sleep duration, the
magnitude of the difference is unlikely to be clinically important.

The associations of weather with physical activity and sedentary time were explored using data
from the Australian and Canadian ISCOLE sites [65]. Daily maximal temperature was significantly
associated with physical activity and sedentary time in both Australia and Canada, and daily rainfall
was negatively associated with physical activity in Australia and positively associated with sedentary
time in Canada [65]. The results from both countries indicated that the best levels of physical activity
and sedentary time occurred in a range between 20◦ and 25◦ Celsius. These results highlight the
importance of taking weather into account in the development of intervention and surveillance
strategies related to physical activity and sedentary behavior.

The associations of outdoor time with BMI, physical activity, sedentary time and dietary patterns
were also explored in ISCOLE [66,67]. Time spent outside and dietary patterns were assessed by
questionnaire, while time spent in physical activity and sedentary behavior were determined by
accelerometry [7]. Time spent outside was not associated with BMI z-scores; however, each additional
hour per day spent outdoors was associated with higher moderate-to-vigorous and light physical
activity, and lower sedentary time [67]. Effect sizes were generally weaker in lower-middle-income
countries. However, the evaluation of the Ciclovia in Colombia to promote physical activity outside on
the streets was associated with higher moderate-to-vigorous and light physical activity, and lower
sedentary time on Sundays [68]. Furthermore, time spent outdoors was positively associated with
higher healthy dietary pattern scores, but there was no association with the unhealthy dietary pattern
scores [66]. Similar patterns were observed in boys and girls, and across study sites. Research using
longitudinal study designs is required to elucidate the mechanisms behind these observed associations.
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6. The 24-h Movement Behavior Cycle in Relation to Integrated Guidelines and Novel
Analytical Techniques

The focus of physical activity guidelines in public health has typically been on the promotion of
moderate-to-vigorous physical activity. However, there has been increasing interest in understanding
the health impacts associated with multiple movement behaviors (i.e., sedentary behavior, light
activity, moderate-to-vigorous activity, and sleep) [59]. Canada has recently released 24-h Movement
Guidelines for Children and Youth, which attempts to integrate these movement behaviors [69].
For example, the guidelines recommend that 10 year-old children should accumulate at least 60 min
of moderate-to-vigorous physical activity per day, sleep between 9 and 11 h per night, engage in no
more than two hours of recreational screen time per day, spend several hours per day in light physical
activity, while minimizing the time they spend sitting [69].

Figure 4 presents estimates of the mean proportions (%) of the day spent in sleep, sedentary
behavior, and total physical activity (light, moderate and vigorous) in children across the 12 ISCOLE
sites [70]. The mean proportions of the day spent in the different behaviors is remarkably similar across
countries given the expanded axes of the ternary plot, as one would predict from the proportion of the
variance in these variables that is explained at the site level [42]. The mean time spent in the movement
behaviors ranges from 508 min in Portugal to 579 in the United Kingdom for sleep, from 486 min in
Australia to 573 min in China for sedentary time, and from 336 min in China to 406 min in Kenya for
total physical activity [70]. In addition to these three variables that constitute a 24-h day, mean levels
of moderate-to-vigorous physical activity ranges from 43 min in China to 69 min in Finland [70].

Figure 4. Ternary plot of the average proportions of the 24-h day spent in sleep (bottom axis), sedentary
behaviour (left axis) and total physical activity (right axis) in the 12 ISCOLE countries. The black
bars represent the range of time (h/day) spent in the various movement behaviours. For sedentary
behavior, follow the direct horizontal line to the left axis; for physical activity, follow the lines sloping
upwards from left to right to the right axis; for sleep, follow the lines sloping downwards from left
to right to the bottom axis. Chinese (CHN) children, for example, spend on average 37% of the day
sleeping, 40% of the day sedentary and 23% in physical activity. Compositional means are from
Dumuid et al. [70]. AUS = Australia; BRZ = Brazil; CAN = Canada; CHN = China; COL = Colombia;
ENG = England; FIN = Finland; IND = India; KEN = Kenya; POR = Portugal; RSA = Republic of South
Africa; USA = United States.
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Associations between meeting combinations of the 24-h guidelines and obesity [71], health-related
quality of life [72], and dietary patterns [73] have been explored in ISCOLE. Overall, the proportion of
the sample meeting the overall recommendations (all three behaviors: moderate-to-vigorous physical
activity, recreational screen time, and sleep duration) was 7%; individually, 44% of the sample met the
physical activity recommendation, 39% met the screen time recommendation, and 42% met the sleep
duration recommendation [71]. Meeting all three of the recommendations was associated with much
lower odds of obesity (odds ratio = 0.28; 95% CI: 0.18–0.45) [71], higher health-related quality of life
scores (51.2 vs. 50.0; p < 0.05) [72], higher healthy dietary pattern scores (0.18 vs. −0.01; p < 0.001), and
lower unhealthy dietary pattern scores (−0.31 vs. −0.02; p < 0.001) [73].

A day is constrained by the 24-h period, which presents some challenges for the analysis of
multiple movement behaviors together in relation to other health parameters such as obesity [74,75].
Traditional analyses that use Euclidian operations such as linear regression fail to account for the
Aitchison geometry of the constrained space [75], and therefore compositional analysis approaches
have been proposed as an alternative [76]. Noting the lack of suitable analytical techniques available
to handle the analysis of 24-h movements behaviors, Dumuid et al. [77] developed a novel method
for predicting change in a continuous outcome based on relative changes within a composition, and
for calculating associated confidence intervals to allow for statistical inference. Using data from
ISCOLE, we demonstrated the application of compositional multiple linear regression to estimate
adiposity from children’s 24-h movement behaviors [77]. Furthermore, ISCOLE presented a unique
opportunity to compare the results of traditional vs. compositional isotemporal substitution analyses
in the associations between 24-h movement behaviors and obesity. The results of this investigation
demonstrated that both compositional and traditional models estimated an unfavorable association
with percentage body fat when time was reallocated from moderate-to-vigorous physical activity to
any other behavior (sleep, sedentary behavior, light physical activity). However, unlike traditional
models, compositional models found the differences in adiposity were (A) not necessarily symmetrical
when an activity was being displaced, or displacing another movement behavior; (B) not linearly
related to the durations of time reallocated; and (C) varied depending on the starting composition [75].

In an attempt to better understand the associations between lifestyle variables and obesity,
Dumuid et al. [78] undertook a compositional cluster analysis in which the input variables including
sedentary time, light, moderate and vigorous physical activity, sleep duration, TV viewing time, and
healthy and unhealthy diet pattern scores were subjected to cluster analysis. Four clusters emerged
and were labelled as: (A) Junk Food Screenies; (B) Actives; (C) Sitters; and (D) All-Rounders. Measures
of adiposity varied across the clusters, and were highest in the Sitters and lowest in the Actives [78].

In addition to obesity, we have applied compositional data analysis to study the association
between 24-h movement behaviors and health-related quality of life [70]. Relative to the other
movement behaviors, the association was strongest with moderate-to-vigorous physical activity.
Furthermore, this association was moderated by country-level HDI; the association between the
moderate-to-vigorous physical activity and health-related quality of life was stronger among countries
with a high HDI compared to countries with a lower HDI [70].

7. Other Novel Contributions of ISCOLE

In addition to the work described above, ISCOLE has made several other significant contributions
to the literature.

7.1. Body Composition

The majority of the research conducted to date on associations between anthropometry and body
fat in children has been in high-income countries, and there is a lack of data on associations in children
from low- and middle-income countries. We explored the association between BMI and body fat (from
bioelectric impedance) in ISCOLE [79]. Correlations between BMI and total body fat (kg) were >0.90 in
all study sites, while correlations between BMI and percentage body fat (%) ranged from 0.76 to 0.96.
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Boys from India had higher percentage body fat than boys from several other countries at all levels
of BMI, whereas Kenyan girls had lower levels of percentage body fat than girls from several other
countries at all levels of BMI. Boys and girls from Colombia had higher values of percentage body fat
at low levels of BMI, while Colombian boys at moderate and high levels of BMI also had higher values
of percentage body fat than boys in other countries [79].

Given the difficulty in measuring height and weight in some field situations, we explored the
utility of using mid-upper-arm circumference as an index of adiposity in ISCOLE [80]. Correlations
between mid-upper-arm circumference and percentage body fat were 0.86 in girls (p < 0.001) and
0.88 in boys (p < 0.001) [80]. Furthermore, results from receiver operating characteristic (ROC) curves
demonstrated areas under the curve (AUCs) for the prediction of obesity ≥0.97 in both boys and girls,
suggesting that mid-upper-arm circumference may be a good screening tool for obesity and excess
adiposity in resource-limited settings.

7.2. Identification of Physical Activity Thresholds

We used ROC analyses to estimate the optimal thresholds of moderate-to-vigorous physical
activity that were related to the identification of obesity in ISCOLE [43]. The results indicated that
the optimal thresholds were 55 (95% CI: 50–64) minutes per day in the total sample, 65 (95% CI:
55–75) minutes per day in boys, and 49 (95% CI: 43–62) minutes per day in girls [43]. These thresholds
are comparable to the global physical activity recommendation, which call for children to accumulate
at least 60 min per day of moderate-to-vigorous physical activity [51].

Given the recent interest in the health effects associated with sedentary behavior, and the possible
interaction between sedentary behavior and physical activity on health outcomes [81], we attempted to
identify the optimal thresholds of moderate-to-vigorous physical activity at different levels of sedentary
behavior [82]. The results showed that the optimal thresholds of moderate-to-vigorous physical activity
to predict obesity ranged from 37.9 to 75.9 min per day in boys and from 32.5 to 62.7 min per day
in girls across levels of sedentary behavior [82]. The incorporation of sedentary behavior did not
alter or improve the prediction of obesity in this sample, suggesting that the current physical activity
guidelines may apply broadly to all children, regardless of their level of sedentary behavior.

7.3. Inequality in Lifestyle and Obesity

Most studies examining associations between obesity and movement behaviors such as physical
activity, sedentary behavior, and sleep duration have focused on average values, despite important
within and between country variability in these behaviors. Using data from the accelerometers in
smartphones in a sample of adults distributed across 111 countries, Althoff et al. [83] found that
country-level inequality in physical activity (quantified using the Gini coefficient applied to the
accelerometer steps/day data) was a better correlate of obesity prevalence than average physical activity
volume (mean steps/day). We explored this issue in ISCOLE, and expanded the focus to include
sedentary behavior and sleep as potential correlates of obesity [84].

Our results showed that average moderate-to-vigorous physical activity (hours/day) was a better
correlate of obesity than moderate-to-vigorous physical activity inequality (r = −0.77 vs. r = 0.00,
p = 0.03) [84] (see Figure 5). Along the same lines, average sedentary time (hours/day) was also a better
correlate of obesity than sedentary time inequality (r = 0.52 vs. r = 0.32, p = 0.05). The differences
in associations for mean vs. inequality measures for screen time and sleep period time were not
statistically significant [84]. Although there is promise in further exploring associations between
inequality in lifestyle behaviors and health outcomes, our results suggest that mean estimates of
behavior are still important correlates of obesity in children.
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Figure 5. Association between moderate-to-vigorous physical activity (MVPA) and obesity. (a) shows
the correlation between average MVPA and obesity, while (b) shows the correlation between MVPA
inequality (Gini coefficient) and obesity. Boys and girls are combined for analysis. Correlation
coefficients were compared using a Steiger’s Z-test (p = 0.029), adapted from Chaput et al. [84].

8. Summary of Research Contributions

As described above, ISCOLE has made many significant research contributions related to
understanding global patterns of obesity across countries at different levels of human development and
identifying correlates of obesity, physical activity, sedentary behavior, and dietary intake. Furthermore,
ISCOLE generated several important methodological advances to the field over the course of the
study. Table 2 provides a summary of the major research contributions made by ISCOLE related to
the global childhood obesity epidemic. The results from ISCOLE can help inform the development of
interventions targeting promising correlates of obesity in different settings. Some findings were robust
across all study sites; while other findings were limited to either higher or lower income countries.
A careful examination of the patterns of results across countries will be required to deploy the most
effective intervention in a given setting.
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9. A Platform for International Training, Data Entry, and Data Quality for Multi-Country
Research Studies

In addition to its scientific contributions, ISCOLE provided a platform for research capacity
development around the world. The study was governed by a standardized protocol implemented
using strict quality control procedures, including in-person and online study personnel training, site
visits, and remote source data verification. All investigators shared responsibility for quality control.
A major component of study management was a shared website, which allowed access to all study
documents, training materials, remote data entry, accelerometer data uploads, and real-time data
validation. This system, based on a common data model, facilitated timely communication and data
transfers between the sites and coordinating center. The enrollment target for ISCOLE was 6000
children; however, the final sample size was 7372. We believe the successful recruitment and high data
quality are the result of well trained and prepared research staff and co-ownership and investigator
investment in the study. Over 240 people have worked on ISCOLE, including senior and junior faculty,
post-doctoral fellows, students, and research staff. To date, 25 students (12 doctoral, 10 masters and 3
undergraduate) from 10 countries have used ISCOLE as the foundation for their thesis. ISCOLE has
had a tremendous impact on developing research capacity in countries spanning a wide range of HDI.

10. Strengths and Limitations

There are several strengths and limitations associated with the design and implementation of
ISCOLE. Marked strengths of the study include the implementation of a standardized research protocol
using the same instruments (adapted to the local context as required) and equipment at all study
sites, and the inclusion of research sites and investigators from countries that varied widely in human
development [7]. Furthermore, the deployment of a web-based data collection and staff training
infrastructure that allowed for real-time data entry and verification increased the assurance of quality
data. The publication of the study questionnaires, protocols and data algorithms in peer-reviewed
journals, which allows for transparency and reproducibility of the results, is another strength of the
study. Such resources are also immensely beneficial to other researchers interested in similar or related
research. The timely and thorough publication and presentation of ISCOLE findings helped maximize
the dissemination and impact of the research, including, but not limited to the notable scientific and
methodological advances discussed in this paper. ISCOLE also contributed markedly to capacity
building via the personal skill development of research trainees.

There are several limitations of ISCOLE that warrant discussion. First, the fundamental design
of ISCOLE is a cross-sectional study, which limits inferences about cause-and-effect relationships.
Second, the ISCOLE study sites represent urban and semi-urban populations, and the samples do
not include children from rural areas. The decision to exclude rural samples was based on logistical
limitations related to data collection; further research is required to better understand urban-rural
differences in the correlates of obesity and related behaviors in multi-national studies. This is of
particular importance in low- and middle-income countries where the majority of people live in rural
environments. We deployed a rigorous research protocol; however, the assessment of dietary intake in
free-living children remains a challenge. We used a validated and widely used FFQ to assess dietary
intake patterns; however, the FFQ was short and we were unable to precisely quantify dietary intake
(kcals, macronutrients, etc.). Furthermore, research is required to develop better methods of dietary
assessment in children.

11. A Transparent Model for Public-Private Research Partnerships

ISCOLE was funded by the Coca-Cola Company through a research contract with PBRC. PBRC,
in turn, executed sub-contracts with each of the study site institutions. With the exception of requiring
that the study be global in nature, the funder had no role in the design and conduct of the study;
collection, management, analysis and interpretation of the data, preparation of manuscripts, and
the decision whether to publish the results or not. The overall study design, protocol, and all study
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procedures were developed solely by the principal investigators, co-investigators and research staff.
During the period of the research contract (2011–2014), the research team provided regular updates to
the funder about the study progress on a quarterly basis. These reports focused on the achievement
of operational milestones such as completion of protocols, staff training, field site implementation,
achieving recruitment targets, remote site monitoring, and progress on data management.

Given the increased scrutiny associated with industry-sponsored research, we took several
precautions to ensure the integrity of the study methods and results. First, we established an
External Advisory Board that was charged with assessing the overall progress, rigor and objectivity
of ISCOLE, as well as providing an unbiased assessment of the science and the role of the sponsor.
Second, we published the design and methods of ISCOLE in an open-access journal, and included
the questionnaires and survey instruments in an online appendix [7]. Third, we have made our
accelerometer manual of procedures and algorithms freely available online so that they can be tested,
replicated and utilized by other scientists [14,16,17]. Fourth, wherever possible, we have published the
results from ISCOLE in open-access, peer-reviewed journals so that they can be freely available to a wide
audience. Furthermore, all scientific presentations and publications have clearly acknowledged the
funding source and the role of the funder. To date, we have published more than 100 scientific papers
that have all undergone peer-review and have been found worthy to make significant contributions
to the extant literature. Moreover, the large number of students and young researchers who were
engaged in ISCOLE highlights the research capacity building that occurred across low-, middle- and
high-income countries. Finally, we have declared our data available upon reasonable request for
researchers who wish to replicate or challenge our research findings.

Despite our concerted efforts to ensure transparency and rigor in the design and conduct of
ISCOLE, we experienced skepticism about the role of the sponsor. We have received several Freedom
of Information requests for access to emails from the study investigators and the sponsor. To date, we
have provided emails to several media organizations and the US Right to Know organization. This
correspondence was the subject of a manuscript that attempted to understand the relationship between
“an industry sponsor and public health academics” [85]. The primary conclusion of the study in the
first line of the conclusions section is that “Overall, apart from influencing the total number of study
sites, we found no evidence of Coca-Cola exerting ‘hard power’ over the Pennington PIs, where the
funder directly changes core methodological principles or points in the research” [85]. The authors
tried to make the case that the funder was involved in the study design since they negotiated the
number of study sites with the principal investigators as we developed the budget. However, we
maintain that the overall study design was not impacted by the number of study sites, i.e., whether
the study included 12, 13 or 14 countries; rather, this was purely a budgetary issue, where the budget
largely drove the number of study sites that could be recruited [86]. The selection of study sites was at
the discretion of the principal investigators. While the funder made suggestions about potential sites
to include in order to ensure global representation, the final slate of study sites was selected solely by
the principal investigators, and did not include specific sites recommended by the funder.

In summary, the ISCOLE investigators acted in good faith while developing and executing the
ISCOLE protocol. Despite a high level of scrutiny (and review of thousands of our emails) from the
media and other organizations, we have conducted ISCOLE with transparency and integrity and we are
immensely proud of it. We hope that such scrutiny of our work will not dissuade other researchers from
developing appropriately managed and transparent public-private partnerships to tackle important
public health issues. We feel that ISCOLE represents a successful and transparent model for future
public-private partnerships with academics.
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12. Conclusions

ISCOLE was a collaboration of scientists, students and staff from 12 countries ranging widely in
levels of human and economic development. Using a model of shared ownership, ISCOLE surpassed
all recruitment and quality control goals. To date, more than 100 peer-reviewed papers have been
published from ISCOLE. In addition to being an engine of research capacity development, ISCOLE has
made many significant contributions to our understanding of the global childhood obesity epidemic in
a short period of time. The findings of ISCOLE could, in turn, inform global efforts, such as the World
Health Organization Global Action Plan on Physical Activity 2018–2030 [87], and the achievement of
the United Nation’s Sustainable Development Goals [88]. Furthermore, the results from ISCOLE can
inform the development of culturally tailored interventions that can be deployed and tested across a
range of settings, and we encourage future collaborations that will build upon ISCOLE to improve the
health of children across the world.
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Abstract: Dairy product consumption is important during childhood, as dairy products provide
nutrients to support growth and development. However, a high proportion of children globally
are not meeting recommended daily intakes, which may have long-term health implications.
Accumulating evidence suggests that interventions aimed at instilling healthy lifestyle habits
are most effective when initiated during the preschool years. Therefore, the purpose of the
review was to identify the characteristics of effective dairy and/or calcium interventions targeting
preschool-aged children. A systematic literature review identified 14 intervention studies published
between 1998–2018 addressing dairy/calcium intakes in the preschool population (1.5 to 5 years).
Intervention reporting was assessed using intervention intensity, behavior change techniques and
Workgroup for Intervention Development and Evaluation Research (WIDER), with the quality of
studies evaluated using risk of bias and Grades of Recommendation, Assessment, Development and
Evaluation (GRADE). Five of the 14 studies included in the review reported significant improvements
in children’s dairy (4/5) or calcium (1/5) intake. Characteristics that may enable intervention
effectiveness include the delivery of interventions in one setting (preschool facility), using specific
behavior change techniques (environmental restructuring and teach to use prompts/cues), and
targeting both parent and child. Overall, the interventions assessed demonstrated variable success
and highlighted the need for developing effective interventions designed to increase dairy and/or
calcium intakes in preschool-aged children.

Keywords: intervention; nutrition; preschool; child; parent; dairy; calcium

1. Introduction

Consumption of dairy products is an important determinant of childhood health and
development [1]. Dairy products such as milk, yogurt, and cheese have a rich nutrient profile which
includes both macronutrients and micro-nutrients (calcium, vitamin D) that support the optimization
and maintenance of good health [2]. Despite the importance of dairy consumption, studies have
demonstrated that a significant number of North American children are not meeting recommended
intakes, as based on the 2018 Canadian Food Guide [3]. In Canada, 37% of children aged four to nine
years do not consume the recommended number of servings of milk and alternatives [3]. Furthermore,
between 1977–2001, the proportion of children aged two to 18 years in the United States (U.S.)
consuming milk decreased from 94% to 84%, the number of servings consumed decreased from 3.5 to
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2.8/day, and the portion size of each serving decreased from 460 to 410 mL [4]. Similar findings have
been reported in Europe. For example, the Individuelle Nationale sur les Consommations Alimentaires
study conducted in France between 1999–2007 reported a decrease in milk and cheese consumption
of 10% and 12%, respectively, in children aged 3 to 10 years old [5]. The Dortmund Nutritional and
Anthropometric Longitudinally Designed Study (1986–2001) comprised of German children between
the ages of 1–13 years old further demonstrated the global decline in dairy consumption by also
reporting a negative trend in milk consumption (−6.5 g/day/study year for children aged 1 to 3;
−2.8 to −7.4 g/day/study year for children aged 4 to 13) [5]. A decline in dairy intake from early
childhood may have important implications on bone health [6], as well as on the risk of developing a
number of costly chronic health conditions such as obesity [7,8], type 2 diabetes [9,10], hypertension [9],
and colorectal cancer [11].

Accumulating evidence strongly suggests that interventions aiming to instill healthy lifestyle
habits and prevent chronic diseases are most effective when initiated during preschool (≤5 y),
as compared to school-age (>5 y) years [12]. For example, Skinner et al. found that the consumption
of fruits among school-aged children was predicted by exposure to and consumption of a variety
of fruits during preschool years [13]. Marshall et al. (2005) similarly reported that the intake of
carbonated beverages, juice drinks, and sugar-sweetened beverages was inversely associated with
milk intake in a study of 645 children aged 1 to 5, suggesting the displacement of milk by other
beverages [14]. This displacement has potentially significant health consequences, as reported by
Dubois et al. (2007), who found that 15.4% of preschoolers in the Québec Longitudinal Study of Child
Development who were regular consumers of sugar-sweetened beverages were overweight at 4.5 years
of age, as compared to only 6.9% of non-consumers [15]. Furthermore, U.S. data suggest that for each
30-mL reduction in milk consumption by children aged five to 18 years, sugar-sweetened beverage
consumption increases by 126 mL, resulting in a net increase of 31 kcal and a loss of 34 mg of calcium for
each 30 mL of milk displaced [16]. Collectively, these findings reinforce the need to investigate factors
influencing children’s dairy intakes during preschool years. Previously published systematic literature
reviews have investigated the effects of dietary interventions aiming to increase dairy consumption;
however, they targeted children aged 5 to 12 [17] and adolescents aged ≥12 to ≤18 [18], so there is a
gap in knowledge regarding dairy intakes in the preschool population.

Enhancing dairy and calcium intake in preschool children is potentially an important step in
optimizing children’s bone health [6] and mitigating other long-term health consequences associated
with insufficient intake. Therefore, the objective of this systematic literature review was to identify the
characteristics that constitute effective dairy and/or calcium interventions targeting preschool-aged
children. The results of this review will inform the development of future dairy/calcium intervention
studies and public health education efforts.

2. Materials and Methods

2.1. Search Method

A list of search terms and keywords were adopted from recent and relevant reviews [17,18],
and modified with assistance from an open education resources librarian. The search terms were
comprehensive and inclusive, highlighting dairy and/or calcium consumption in preschool-aged
children. The search terms were categorized under four headings:

1. Interventions (e.g., intervention, clinical trial, experimental studies)
2. Nutrition (e.g., diet, food, beverage)
3. Population (e.g., preschool, toddler and parent, family)
4. Dairy/Calcium (e.g., yogurt, dairy, milk).

The databases searched included ProQuest, Web of Science, Cochrane Database, Cumulative
Index to Nursing and Allied Health Literature, CAB Direct, and PsycINFO. Varying combinations of
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search terms and keywords were applied to each of the six databases searched (see Supplementary
Materials). This allowed for Medical Subject Headings (MeSH) terms to be used along with keywords,
where permitted. The final literature search was conducted on 14 June 2018. It included all papers
published between 1998–2018, and was restricted to English publications. Grey literature and reference
lists of review papers were searched for additional intervention studies focused on dairy consumption.
All of the study protocols were registered on 17 July 2018 in PROSPERO (international database of
prospectively registered systematic reviews) under the study identification code CRD42018099909.

2.2. Inclusion Criteria

Inclusion criteria limited the selection of studies to: (i) intervention studies with or without
control groups, (ii) intervention studies modifying dietary intakes (specifically including dairy and/or
calcium intake as a measurement), (iii) the primary or secondary aim of the study being an increase in
dairy and/or calcium consumption in preschool-aged children (1.5 to 5 years), including any studies
that targeted families (parents and/or children), schools, and/or early education centers, and (iv)
intervention studies reporting changes in dairy and/or calcium intakes at either the individual and/or
group level.

2.3. Exclusion Criteria

Exclusion criteria included: (i) studies targeting clinical populations (i.e., obese or lactose
intolerant groups), (ii) case studies, (iii) studies focused on breast-feeding, allergies, or calcium
supplementation, (iv) studies aimed at changing the type of dairy consumption (i.e., regular-fat dairy
to low-fat dairy, but not total dairy), (v) publications older than 20 years (i.e., published prior to 1998),
and (vi) non-English publications.

2.4. Data Extraction and Synthesis

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram
summarizing the search outcomes is presented in Figure 1. A total of 7178 records were screened
(7176 records identified through database searching, two records [19,20] identified through grey
literature searching), with 138 articles assessed in full-text based on the specified inclusion and
exclusion criteria. A total of 124 articles were excluded based on a lack of access to full-text English
publication (n = 18), incorrect age range (n = 38), not aiming to increase the consumption of dairy
and/or calcium (n = 23), aiming to change the type of dairy consumption (n = 16), focusing on dairy
and/or calcium supplementation (n = 6), being a case study (n = 1), or no intervention (n = 22). A total
of 14 intervention studies were included in the final analysis.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) four-phase
flow diagram of the literature search results. From: Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.;
The PRISMA Group. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. PLoS Med. 2009, 6, e1000097, doi:10.1371/journal.pmed1000097 [21]. For more information,
visit www.prisma-statement.org.

Two independent reviewers (VS, IJ) extracted data from the studies, including the author name and
date, population characteristics, description of the intervention, relevant outcome measures, effect size,
and effectiveness of the intervention (Table 1). Five assessment tools, including (1) Intervention
Intensity Analysis, (2) Coventry, Aberdeen, and London—Refined Taxonomy of Behavior Change
Techniques, (3) Workgroup for Intervention Development and Evaluation Research Recommendations,
(4) Cochrane Collaboration Risk of Bias Tool, and (5) Grades of Recommendation, Assessment,
Development and Evaluation were used to evaluate all of the intervention studies included in the
analysis. The five assessment tools are described below.
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2.5. Intervention Reporting

2.5.1. Intervention Intensity

Intervention intensity scales have been employed in scientific literature to enhance comparisons
of interventions between studies [17]. An intervention intensity scale is a point-scale assessment tool
that evaluates the characteristics and degree of an intervention [17]. The intensity score ranks the
qualities of each individual intervention as high, medium, or low intensity, facilitating straightforward
comparisons of different study designs and/or intervention settings [17].

The intervention intensity scale used was adapted from a recent review [18], assessing four
characteristics of interventions on a 5-point ranking scale (1 = low, 2 = low-medium, 3 = medium,
4 = medium–high, and 5 = high), with the exception of “reach of the intervention strategies” [34].
The four characteristics are detailed below:

(1) Duration of the intervention. This category ranked the length of the intervention using the
following scale: 1 = ≤6 weeks, 2 = 6 to 11 weeks, 3 = 12 weeks to 5 months, 4 = 6 to 12 months,
and 5 = ≥12 months.

(2) Frequency of contact with the intervention. This characteristic assessed the frequency of contact
between participants and the intervention. If the intervention employed multiple points of
contact, an average contact score was computed. If the frequency of contact was not clearly
stated by authors, the points of contact were divided by the overall duration of the intervention
to determine an average frequency of contact. The ranking score that was used for frequency
of contact with the intervention was 1 = annually, 2 = bimonthly to quarterly, 3 = monthly,
3.5 = twice a month, 4 = weekly, 4.5 = multiple times per week, and 5 = daily.

(3) Level of personalization. This characteristic describes the type and/or level of contact with the
intervention. The ranking score used for the level of personalization included: 1 = environmental,
2 = group (parent or child), 2.5 = group (parent and child), 3 = environmental and group (parent or
child), 3.5 = environmental and group (parent and child), 4 = group with an individual component
(parent or child), 4.5 = group with an individual component (parent and child), and 5 = individual
(parent and/or child) or individual, environmental, and group (parent and/or child). If the
parent and child experienced different levels of personalization, they were scored independently,
and the scores were averaged for a total personalization score out of 5. The more personalized
the contact of the intervention, the higher the intensity score.

(4) Reach of the intervention strategies. This characteristic assessed the number of different settings
(i.e., home, school) used by the researchers to reach their target audience, and used a scale where
1 = one setting, 3 = two settings, and 5 = three or more settings. The greater number of settings
used with the intervention, the higher the intensity of the intervention.

The two reviewers (VS, IJ) scored the characteristics and provided an overall intervention intensity
score for each intervention included in the analysis. The overall intensity score was the sum of the
scores of the four characteristics, giving a total score out of 20. An overall intervention intensity score
of greater than or equal to 13.5 was considered a high-intensity intervention, between 10.51–13.49 was
rated as medium intensity, and a score of 10.5 or less indicated a low-intensity intervention.

2.5.2. Behavior Change Techniques

Michie et al. (2011) published the Coventry, Aberdeen, and London-Refined (CALO-RE) Taxonomy
of Behavior Change Techniques to be used in assessment of interventions targeting healthy eating and
physical activity [35]. The refined taxonomy published by Michie et al. (2011) was adopted from the
taxonomy of theory-linked behavior change techniques developed by Abraham and Michie (2008) [36],
which identified specific behavior change techniques in interventions that enabled effectiveness.
The twofold rationale for the use of the CALO-RE Taxonomy is based on determining whether the
differences in behavior change techniques observed across studies impacted the effectiveness of each
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intervention, and secondly, identifying which techniques affected the most significant behavioral
change [36].

The CALO-RE Taxonomy provides a behavior change taxonomy of 40 items, which are defined in
Supplementary Materials Table S1. Two independent reviewers (VS, IJ) evaluated the behavior change
techniques applied in the intervention studies and resolved any discrepancies through discussion.
Behavior change techniques three, six, 11, 12, 14, 17, 18, 31, 32, 33, 34, 37, and 40 were excluded from
analysis, as these techniques were not employed in any of the interventions assessed.

2.5.3. WIDER Recommendations

The Workgroup for Intervention Development and Evaluation Research (WIDER) [37] developed
a framework to assess and report the components of behavior change intervention studies,
recommending a set of four criteria by which to evaluate techniques employed in behavior
change interventions. The WIDER recommendations were developed to compare behavior change
interventions across heterogeneous studies, with the goal of ensuring clarity in reporting of the
components of behavior change techniques to ultimately improve the reproducibility of current
intervention methods. The description of the four criteria of the WIDER recommendations are outlined
in Supplementary Materials Table S2 and detailed below:

(1) The first recommendation addresses the description of the intervention(s) and the level of
detail reported by authors. There are eight supplementary recommendations required for
discussion throughout the intervention study, including the characteristics of those delivering
the intervention, characteristics of the recipients, setting, mode of intervention delivery, intensity,
duration, adherence to delivery protocols, and a detailed description of the intervention content
for each study group.

(2) The second recommendation addresses the change process employed in the intervention and the
design of the intervention. This recommendation requires a description of how the intervention
was developed, the behavior change techniques used in the intervention, and the behavioral
processes being targeted by the change techniques.

(3) The third recommendation addresses the extent to which the intervention protocols and/or
manuals are accessible, as authors must provide easy access to the protocols/manuals for the
interventions as supplementary materials (i.e., online).

(4) The fourth recommendation assesses the control group and the control conditions. Authors must
describe the characteristics of the interveners delivering the control, characteristics of the control
participants, setting, mode of delivery, intensity, duration, compliance to the delivery protocols,
and a detailed description of the control content.

Two reviewers (VS, IJ) independently assessed all of the intervention studies using the four
WIDER recommendations, and reported whether each intervention satisfied all of the subcomponents
of the recommendations [38].

2.6. Quality Criteria

2.6.1. Risk of Bias

The Cochrane Risk of Bias Tool [39] was used to evaluate six types of bias in the individual studies,
including selection bias, performance bias, attrition bias, reporting bias, detection bias, and other bias.
Within the six types of bias, seven domains exist that aid in assessing the risk of each type of bias:

(1) Selection bias: assessed two domains: sequence generation and allocation concealment
(2) Performance bias: assessed the blinding procedures implemented in the study
(3) Detection bias: assessed the adequacy of the blinding of outcome assessors
(4) Attrition bias: assessed all the participant withdrawal from the study that lead to incomplete

outcome data
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(5) Reporting bias: identified the selective reporting of results
(6) Other bias: identified any other sources of bias that may be present in the literature, owing to a

variety of circumstances or events.

The two reviewers (VS, IJ) evaluated the level of bias within each category for each individual
study by assigning a material risk of bias score (high, low, or unclear) for each of the above criteria,
including supporting rationale for this score. Material bias is defined as bias significant enough to
affect the results and/or conclusions of the study. Examples of criteria used to assess material bias are
included in Supplementary Materials Table S3.

The support for the bias judgment is derived from the study and is highlighted by verbatim
quotes from the publication, where possible. In this section, review authors may include personal
comments and any relevant information supporting the rationale for their judgments. The ambiguity
of information within the study can be addressed by indicating ‘probably done’ or ‘probably not done’
in addition to an explanation for why they believe so. Lastly, if the primary authors did not provide
sufficient information to enable review authors to make clearly defined judgments, this should be
clearly indicated.

2.6.2. GRADE

The Grades of Recommendation, Assessment, Development, and Evaluation (GRADE) [40] is
a systematic approach that is used to assess the quality of evidence across studies and evaluate
the strength of clinical recommendations. Prior to their assessment of the quality of evidence,
review authors identify the clinical outcomes on which they will be focusing. If applicable, three items
must be clearly defined for each outcome, including the number of studies addressing the specific
outcome of interest, the treatment comparison, and the number of participants in each comparison.
Then, the quality of evidence addressing the outcomes is evaluated based on the type of evidence
provided, quality points, consistency, directness, and effect size.

Two independent reviewers (VS, IJ) used the GRADE criteria to evaluate the quality of evidence
across studies. The five GRADE criteria outlined by the British Medical Journal (BMJ) (2012) [40] are
detailed in Supplementary Materials Table S4 and summarized below:

(1) Type of evidence. Scientific evidence derived from randomized control trials begins at a rating of
four points; in contrast, evidence from observational studies is assigned a rating of two.

(2) Quality points. A total of three points can be deducted under this category based on inadequacies
in follow-up procedures, sparse data, blinding, allocation concealment, and attrition.

(3) Consistency. Heterogeneous studies are evaluated under this category, as long as they all address
the same outcomes and interventions. A quality point is deducted under this category for
inconsistent results between studies while, in contrast, a quality point is added if a dose-response
effect is observed or if adjustment of confounders increased the effect size.

(4) Directness. A maximum of two points can be deducted for issues affecting the generalizability
of the results to the population of interest. Examples of issues affecting directness include
co-interventions that are being tested alongside the intervention of interest, as well as the use of
samples that are either too broad or too restricted.

(5) Effect Size. The GRADE criteria add a quality point for an odds ratio (OR) or relative risk (RR)
≥2 and adds two quality points for an OR or RR ≥5. One quality point is added for effect
sizes >2 (or <0.5), while two quality points are added for effect sizes that are >5 (or <0.2) and
are all statistically significant. No quality points are added for effect sizes <2 or statistically
insignificant results.

When calculating the final GRADE score for each outcome, a score of at least four points indicates
a high quality of evidence, three points suggests a moderate quality of evidence, two points reflects a
low quality of evidence, and a score of one or less represents a very low quality of evidence. GRADE
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scores for independent outcomes are presented in table format, where explanations for the scores
and judgments about the quality of evidence are provided. The overall interpretation of the GRADE
score does not reflect the methodological quality of a single piece of literature, but rather is a measure
of the quality rating of the overall evidence across studies addressing a specific outcome within the
target population.

3. Results

3.1. Intervention Studies

3.1.1. Study Description

The present review identified 14 intervention studies published between 1998–2018 that aimed to
increase dairy and/or calcium consumption. Of the 14 intervention studies identified, seven (50%)
targeted total dairy intake, six (43%) targeted total milk intake, and one (7%) targeted calcium
intake; all did so as part of a larger dietary intervention. All of the intervention studies targeted
children between the ages of 1.5–5 years, their parents, and/or teachers, as it was acknowledged
that interventions may engage the child’s caregiver(s), but not be applied to the preschool-aged
child(ren). The search methods were exhaustive and retrieved studies conducted globally, allowing for
a comprehensive analysis of interventions for populations with differing baselines and habitual dairy
and/or calcium intake.

3.1.2. Effectiveness

Intervention effectiveness was determined as a statistically significant (p < 0.05) increase in dairy
and/or calcium intake. Of the 14 interventions included in the review, five were effective, eight were
ineffective, and one did not provide any information on the effectiveness of the intervention (Table 1).
Of the five effective interventions, one targeted both parent and child, two targeted only the parent,
and two targeted the child alone; importantly, both interventions targeting the child demonstrated
effectiveness. The overall intervention effectiveness results reported in this review were lower than
those of previously published systematic literature reviews [17,18].

One intervention [30] did not report a statistically significant change in dairy consumption from
baseline to six-week post-intervention follow-up, but reported a statistically significant increase in
dairy consumption using a treatment-by-time interaction model at 28 weeks post-intervention booster
follow-up. (A booster in this context is a reintroduction of the intervention some time after the
initial intervention has concluded; it is used to determine whether the behavior changes that were
taught/implemented in the initial intervention were maintained over time).

3.1.3. Sample Size, Control Groups, Effect Size

The sample size of intervention studies ranged from very small groups of parents (n = 7) and
children (n = 6) as presented in the study of Kopetsky (2017) [25], to large groups of children (n = 3112)
enrolled in the Food and Nutrition Services Food Stamp Nutrition Education Program as studied
by Cason (2001) [19]. In addition, four (29%) interventions did not have a control group, while only
seven (50%) interventions included in the review provided adequate information to calculate effect
size. The other 50% had insufficient data (i.e., did not have a control group), or did not provide the
data in the correct format to enable effect size calculation.

3.2. Intervention Intensity

The summary of the intervention intensity rating categories associated with effectiveness and
overall intervention intensity results are presented in Tables 2 and 3, respectively. In this review,
three (23%) interventions were of low intensity, five (~38%) interventions were of medium intensity,
and five (~38%) interventions were of high intensity. More than half (60%) of the medium-intensity
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interventions and 66.7% of the low-intensity interventions reported statistically significant (p < 0.05)
increases in dairy and/or calcium intakes, whereas none of the high-intensity interventions were
effective at increasing dairy and/or calcium consumption.

Table 2. Intervention characteristics and intensity rating categories associated with intervention
effectiveness (n = 13).

Effective
Interventions

Ineffective
Interventions

Total 3 % Effective 1

Target of Intervention
Mixed 5 8 13 38.5

Intervention Intensity
Low 2 1 3 66.7
Medium 3 2 5 60.0
High 0 5 5 0.0

Duration
<6 weeks 2 2 4 50.0
6 to 11 weeks 1 0 1 100.0
12 weeks to 5 months - - - -
6 to 12 months 1 5 6 16.7
>12 months 1 1 2 50.0

Frequency of Contact 2

Annually - - - -
Bimonthly to quarterly - - - -
Monthly 0 2 2 0.0
Biweekly 1 2 3 33.3
Weekly 2 5 7 28.6
Multiple times per week 2 0 2 100.0
Daily - - - -

Level of Personalization 2

Environmental 1 1 2 50.0
Group (Parent or Child) 3 3 6 50.0
Group (Parent and Child) - - - -
Environmental + Group
(Parent or Child) 1 1 2 50.0

Environmental + Group
(Parent and Child) 0 2 2 0.0

Group + Individual
(Parent or Child) 1 1 2 50.0

Group + Individual
(Parent and Child) 0 1 1 0.0

Individual or Individual +
Environmental + Group 0 2 2 0.0

Reach
1 setting 5 1 6 83.3
2 settings 0 5 5 0.0
3+ settings 0 2 2 0.0

1 Intervention effectiveness is defined as a statistically significant increase (p < 0.05) in a dairy and/or calcium
related outcome. 2 Total number of studies in Frequency of Contact and Level of Personalization will not sum to
n = 13, because some studies used multiple frequencies of contact and multiple levels of personalization throughout
the intervention. 3 Salehi et al. (2004) was excluded from the chart and analysis, as the authors did not provide the
effectiveness of the intervention.
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When evaluating the individual intensity rating categories, no relationships appear to exist
between duration, frequency of contact or level of personalization, and intervention effectiveness
(Table 2). Only one intervention had a duration of 6 to 11 weeks and demonstrated effectiveness.
Additionally, the two interventions [28,32] involving contact with participants multiple times per week
were effective. None of the levels of personalization were consistently linked with effectiveness, as all
were used in both effective and ineffective interventions. Consistent with a previously published
systematic literature review [18], all of the studies in which the intervention was conducted and
applied in only one setting/environment were effective. Of the six studies using a reach of one setting,
five (83.3%) demonstrated significant increases in dairy and/or calcium consumption.

To further assess intervention intensity, the interventions were divided into four groups based on
the target population(s): parent and child; parent; child; or childcare services (Table 3). Child-focused
interventions had a group score of 9.5 (n = 2), indicating a low overall intervention intensity score;
however, the interventions in both studies resulted in statistically significant increases in dairy
consumption. Interventions that targeted both parent and child had the highest overall group intensity
score of 13.5, although only one (14.3%) of the seven interventions resulted in significantly increased
calcium consumption. Overall, there was heterogeneity in terms of effectiveness across different
categories of intensity and with overall intensity.

3.3. Behavior Change Techniques

The interventions employed a variety of behavior change techniques (BCT). Table 4 outlines the
frequency of BCT associated with intervention effectiveness. Salehi et al. (2004) [31] was not included
in the BCT analysis, as information about intervention effectiveness was not provided.

Table 4. Behavior change techniques associated with intervention effectiveness.

Behavior Change Technique 1 Effective
(N = 5)

Ineffective
(N = 8)

Total
(N = 13) 2 % Effective 3

1. Provide information on consequences of
behavior in general 3 5 8 37.5

2. Provide information on consequences of
behavior to the individual 3 6 9 33.3

4. Provide normative information about
others’ behavior 1 0 1 100.0

5. Goal setting (behavior) 4 8 12 33.3

7. Action planning 5 8 13 38.5

8. Problem solving/barrier identification 2 3 5 40.0

9. Set graded tasks 0 1 1 0.0

10. Review of behavioral goals 1 4 5 20.0

13. Rewards contingent on successful
behaviors 2 2 4 50.0

15. Generalization of target behavior 4 7 11 36.4

16. Self-monitoring of behavior 1 3 4 25.0

19. Provide feedback on performance 1 6 7 14.3

20. Provide information on when and
where to perform the behavior 4 8 12 33.3

21. Provide instruction on how to perform
the behavior 4 8 12 33.3

22. Model/demonstrate the behavior 3 7 10 30.0

23. Teach to use prompts/cues 4 3 7 57.1
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Table 4. Cont.

Behavior Change Technique 1 Effective
(N = 5)

Ineffective
(N = 8)

Total
(N = 13) 2 % Effective 3

24. Environmental restructuring 5 3 8 62.5

25. Agree on behavioral contract 0 1 1 0.0

26. Prompt practice 4 8 12 33.3

27. Use of follow-up prompts 0 2 2 0.0

28. Facilitate social comparison 0 2 2 0.0

29. Plan social support/social change 2 8 10 20.0

30. Identification as a role model 2 7 9 22.2

35. Relapse prevention/coping planning 0 1 1 0.0

36. Stress management/emotional control
training 0 1 1 0.0

38. Time management 0 1 1 0.0

39. General communication skills training 1 2 3 33.3
1 Behavior change technique numbers three, six, 11, 12, 14, 17, 18, 31, 32, 33, 34, 37, and 40 were removed from the
chart and analysis as no studies employed these techniques. 2 Salehi et al. (2004) was excluded from the chart and
analysis, as the authors did not provide the effectiveness of the intervention. 3 Intervention effectiveness is defined
as a statistically significant increase (p < 0.05) in a dairy or calcium outcome.

The most commonly used BCT, which was used in all 13 interventions, was action planning.
Other commonly used BCTs were goal setting (behavior) (n = 12), providing information on when
and where to perform the behavior (n = 12), providing instruction on how to perform the behavior
(n = 12), and prompting practice (n = 12). There was one BCT that was used exclusively in the
effective intervention by Marquis et al. (2014) [27], which was providing normative information about
others’ behavior (i.e., providing information about others’ behaviors and whether they are common
or uncommon in the population). Action planning and environmental restructuring were similarly
used in all five effective studies, although both were also used in several ineffective studies. Action
planning demonstrated 38.5% efficacy, and environmental restructuring demonstrated 62.5% efficacy.
Goal setting (behavior) [19,24,27,28], generalization of the target behavior [19,24,27,28], providing
information on when and where to perform the behavior [19,24,27,28], providing instruction on how
to perform the behavior [19,24,27,28], teaching how to use prompts/cues [19,24,28,32], and prompt
practice [19,24,27,28] were techniques used in four of the five effective interventions. Goal setting
(behavior) demonstrated 33.3% efficacy, the generalization of target behavior demonstrated 36.4%
efficacy, providing information on when and where to perform the behavior demonstrated 33.3%
efficacy, providing instruction on how to perform the behavior had 33.3% efficacy, teaching to use
prompts/cues demonstrated 57.1% efficacy, and prompting practice had 33.3% efficacy. The results
demonstrate that intervention effectiveness is independent of BCT.

3.4. WIDER

Table 5 provides a summary of WIDER recommendations for each intervention study. Only seven
of the 14 studies provided adequate descriptions of their intervention. Similarly, 57% of the studies
adequately classified their change processes and design principles. Only three (21%) interventions
provided access to intervention protocols, which made it difficult to further evaluate the risk of
reporting bias. Four studies (29%) did not have a control group, which classified them under unclear
risk of bias for random sequence generation and high risk of bias for allocation concealment. Of the
10 studies that had a control group, only three (30%) had an active control, with two of them providing
adequate descriptions of the control.
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Table 5. Summary of the Workgroup for Intervention Development and Evaluation Research
(WIDER) recommendations.

Study
(n = 14)

Description of
Intervention

Classification of
Change Process and
Design Principles

Access to
Intervention Manuals

and/or Protocols

Description of
Active Control

Conditions

Akil (2013) [22] N N N N
Bender et al. (2013) [23] Y Y N No Control Group
Cason (2001) [19] N Y N No Control Group
Harvey (2008) [24] N N N No Control Group
Kopetsky (2017) [25] Y Y N Y
Korwanich et al. (2008) [26] N N N No Active Control
Marquis et al. (2014) [27] Y N Y No Active Control
Munday et al. (2017) [28] Y N N No Control Group
O’Sullivan et al. (2016) [29] Y Y Y No Active Control
Roberts-Gray et al. (2016) [30] Y Y N No Active Control
Salehi et al. (2004) [31] N Y N No Active Control
Schwartz et al. (2015) [32] N N N No Active Control
Seward et al. (2018) [20] Y Y Y Y
Vereecken et al. (2009) [33] N Y N No Active Control

3.5. Risk of Bias

All 14 intervention studies [19,20,22–33] included in the review were assessed for risk of bias.
Figure 2 provides a summary of the authors’ (VS, IJ) judgments regarding each risk of bias item for
the included intervention studies. The study with the lowest overall risk of bias was O’Sullivan
et al. (2016) [29], and the study with the highest overall risk of bias was Munday et al. (2017) [28].
Three studies, two of which were dissertations, had all categories classified as either high or unclear
risk of bias [22–24]. Overall, most of the studies had a high or unclear risk of bias in a majority of
the categories.

Figure 3 presents the percentages of each risk of bias item across the 14 intervention studies.
There was a high percentage (71%) of studies with an unclear risk of bias for random sequence
generation. Additionally, six studies inadequately described allocation concealment. All of the studies
either had a high or unclear risk of bias in the blinding of participants and personnel. Similarly,
only two studies had a low risk of bias in the blinding of outcome assessment. Compared to other
categories, there was a high percentage (36%) of studies that had a low risk of bias in incomplete
outcome data. For the selective reporting domain, 11 studies had an unclear risk of bias, as they failed
to provide protocols, and thus reviewers were unable to make clear judgments about bias risk. Half of
the studies (n = 7) had a high risk of other bias due to self-reporting, convenience sampling, crossover
bias, and underreporting. A high risk of bias was reported in 50% of the studies across the categories
‘other bias’ and ‘attrition bias’, resulting in these two categories having the highest percentage of a high
risk of bias. Similarly, the highest percentage (50%) of a low risk of bias was observed in the ‘other bias’
category. Overall, in four of the seven domains, the percentage of studies with an unclear risk of bias
was 50% or greater.
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Figure 2. Risk of bias summary: review authors’ judgments about each risk of bias item for each
included intervention study. Red, yellow, and green circles represent high, unclear, and low risk of
bias, respectively.

Figure 3. Risk of bias graph: review authors’ judgments about each risk of bias item, which are
presented as percentages across all of the included intervention studies (n = 14).
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3.6. GRADE

Thirteen studies were included in the GRADE analysis. One study could not be included, as it
was the only intervention assessing calcium intake as an outcome [28]. Table 6 provides a summary of
GRADE results for the studies (n = 7) that had total dairy intake as an outcome. The overall quality of
evidence across these studies was very low, as it received an overall score of zero. Table 7 provides a
summary of GRADE results for the studies (n = 6) that had total milk intake as an outcome. Similar to
total dairy intake, the overall quality of evidence across these studies was also very low, receiving an
overall score of one.

Table 6. Summary of Grades of Recommendation, Assessment, Development and Evaluation (GRADE)
results for total dairy intake outcome (n = 7). Intervention studies evaluated: Akil 2013 [22]; Cason
2001 [19]; Harvey 2008 [24]; Kopetsky 2017 [25]; O’Sullivan et al., 2016 [29]; Roberts-Gray et al., 2016 [30];
and Seward et al., 2018 [20].

GRADE
Criteria

Rating Support for Judgment
Overall Quality

of Evidence

Type of
Evidence +4 All of the studies included were intervention studies. High

Quality
Points −3

Multiple studies had <200 participants. The majority
of studies had a high or unclear risk of bias for the
blinding and allocation process, as well as attrition.

Low

Consistency 0

Most of the studies reported the ineffectiveness (n = 5)
versus effectiveness (n = 2) of dairy intervention. Dairy
outcomes assessed are relatively similar, as the
majority of studies reported some variation of the
number of servings of dairy consumed.

Moderate

Directness −1 Generalizability of population was a limitation in
several studies. Moderate

Effect Size 0

n = 3 studies did not provide enough information to
allow for the calculation of effect size. All of the other
studies (n = 4) allowed for the calculation of effect size;
not all of the effect sizes were >2 or <0.5 and
significant.

Low

Overall
Score: 0

Overall Quality of
Evidence: Very Low

Table 7. Summary of GRADE results for total milk intake outcome (n = 6). Intervention studies
evaluated: Bender et al., 2013 [23]; Korwanich et al., 2008 [26]; Marquis et al., 2014 [27]; Salehi et al.,
2004 [31]; Schwartz et al., 2015 [32]; and Vereecken et al., 2009 [33].

GRADE
Criteria

Rating Support for Judgment
Overall Quality

of Evidence

Type of
Evidence +4 All of the studies included were intervention studies. High

Quality
Points −1

All of the studies had a high or unclear risk of bias for
blinding and allocation. Three studies had a low risk
of attrition bias, with the other three studies having
either a high or unclear risk of attrition bias. Generally,
sparse data does not appear to be of concern, as the
majority of studies had >200 participants.

Moderate

Consistency −1

Most studies reported ineffectiveness (n = 3) versus
effectiveness (n = 2) of dairy intervention, with one
study not reporting effectiveness. Variability in
reporting of milk outcomes; studies reported volumes
of milk consumed, times consumed per day, or
quantity of milk consumed in grams.

Low
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Table 7. Cont.

GRADE
Criteria

Rating Support for Judgment
Overall Quality

of Evidence

Directness −1 Generalizability of population was a limitation in
multiple studies. Moderate

Effect Size 0

n = 3 studies did not provide enough information to
allow for the calculation of effect size. All of the other
studies (n = 3) allowed for the calculation of effect size;
not all of the effect sizes were >2 or <0.5 and
significant.

Low

Overall
Score: 1

Overall Quality of
Evidence: Very Low

The type of evidence across both outcomes received a score of +4, as all of the studies that were
included in the review were intervention studies. Total dairy intake received the lowest score (−3) for
quality points, as a majority of the studies had <200 participants and had a relatively high risk of bias.
Conversely, total milk intake had the lowest score (−1) for consistency, as there was variability in the
reporting of milk outcomes. Both outcomes received the same scores for directness (−1) and effect size
(0). Overall, these results demonstrate heterogeneity between intervention studies.

4. Discussion

The objective of this review was to identify the characteristics of effective interventions aimed at
increasing dairy and/or calcium consumption in preschool-aged children. Intervention reporting was
evaluated using intervention intensity analysis, behavior change technique taxonomy, and WIDER,
with risk of bias and GRADE used to assess the quality of the intervention studies. Only five
(35.7%) interventions included in the review reported significant increases in dairy and/or calcium
consumption post-intervention, which was lower than the ~70% reported in previously published
reviews in other populations [17,18]. Characteristics associated with effectiveness included those
interventions delivered in one setting (i.e., preschools, early education centers and/or daycares) versus
those delivered in multiple settings, those that included the selected behavior change techniques of
environmental restructuring and teach to use prompts/cues, and those that targeted both the parent
and child.

The most notable finding was the lack of effectiveness reported by intervention studies aiming
to increase dairy and/or calcium intakes in preschool-aged children. The ineffectiveness of most
interventions may be attributed to the lack of focus on dairy or calcium intake as the targeted message.
All of the interventions in the final analysis included dairy and/or calcium intakes as part of a larger
dietary intervention designed to encourage healthy eating and positive dietary habits in preschool-aged
children. Hendrie et al. (2012) [17] concluded that interventions specifically targeting dairy or calcium
intake independent of other dietary changes were more likely to be effective than those considering
dairy/calcium intake in the context of a broader message, such as general healthy eating. These findings
suggest that mixed dietary interventions may dilute the impact or preclude adequate communication
and/or the adaption of more targeted health and dietary messages. A possible explanation could
be that less time and/or effort are allocated to dairy-specific messaging when presented as part of
a mixed dietary intervention. Resource availability may also be limited when engaging in broader
dietary interventions, directly impacting dairy or calcium messaging and the extent of education and
communication about dairy and calcium consumption. The effectiveness of increasing dairy and
calcium consumption as part of a larger dietary intervention may be influenced by the behavior change
techniques implemented. For example, behavior change techniques that are effective at increasing
fruit and vegetable consumption may not be similarly effective at increasing dairy and calcium intake,
and therefore may impact the communication of dairy and calcium health messages.
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The ineffectiveness of dairy interventions may also be attributed to the heterogeneity of the
interventions. The heterogeneity observed between populations may have introduced variability
in the communication of dietary messages on the basis of cultural and/or societal norms.
For example, Salehi et al. (2004) [31] conducted their interventions on Qashqa’i tribe families
in Iran, while Marquis et al. (2014) [27] studied a cohort of rural Ghanaian children. Salehi et al.
(2004) [31] aimed to change/improve the customs and cultural practices of the Qashqa’i tribe families
through educational program topics such as sanitary waste disposal, water supply, and general dietary
consumption guidelines. In contrast, Marquis et al. (2014) [27] focused on improving entrepreneurial
training and nutrition education to increase household access to animal food products in rural Ghana.
These examples highlight the differences in the availability of resources and/or food sources between
cultures, and how this could impact the extent of the dietary health and messaging provided. Secondly,
heterogeneity was also observed across participants, with variability in the targets of the interventions
(i.e., parent and child, parent, child, or childcare services). The variability observed across intervention
targets may significantly influence dietary messaging given that interventions targeting preschool
children focus more on simply increasing dairy consumption, whereas those targeting adults are more
likely to emphasize the importance or relevance of doing so. Thirdly, heterogeneity existed between
the approaches used to communicate dietary messaging, including mass communication, targeted
communication, or tailored communication [41]. Mass communication is more generic and most likely
used in environmental or group interventions, as this type of communication enables general messages
to be delivered to many individuals; in contrast, tailored communication is used when the health
messages are specifically designed to individual need. The ineffectiveness and heterogeneity observed
across interventions make it difficult to draw reliable conclusions, highlighting the need for future
intervention designs to specifically and solely target dairy and/or calcium intake in preschoolers.

The characteristics of effective interventions were determined using intervention intensity
analysis. No associations were observed between intervention intensity group scores and intervention
effectiveness. Moreover, interventions targeting the parent and child demonstrated the highest
intervention intensity scores, but only one of the seven studies demonstrated effectiveness.
Both interventions targeting the child alone, by comparison, exhibited low intervention intensity
scores, but were effective at increasing dairy intakes. These observations suggest that targeting the
child alone may enhance the effectiveness of interventions; although, based on the young age of the
preschool children, it is unreasonable to assume that these children would be able to change their
intakes without the guidance from their parents and/or caregivers. Targeting both the parent and child
may demonstrate higher efficacy in increasing dairy and/or calcium intakes in preschool children,
as evidence suggests that parents play an important role in developing preschoolers’ eating habits
through a variety of mechanisms, including modeling of dietary behaviors [42,43], parental feeding
behaviors [44,45], and the availability/accessibility of food products in the home environment [46,47].
Recent evidence from the Guelph Family Health Study, Canada, extended these findings: both mothers’
and fathers’ involvement of children in meal preparation was associated with lower child nutrition
risk (mother beta = −3.45, p = 0.02; father beta = −1.74, p = 0.01) and healthy home environment
scores (mother beta = −8.36, p < 0.001; father beta = −2.69, p = 0.04) [43]. These results demonstrate
the strong parental influence on preschoolers’ dietary intakes, supporting the need to target parents
as well as children in interventions aiming to increase dairy and/or calcium intakes. Furthermore,
when considered as independent categories, no associations were evident between intervention
duration, frequency of contact or level of personalization, and overall intervention effectiveness.
In contrast, intervention setting did appear to be associated with overall effectiveness, as it was
observed that the majority of effective interventions used a reach of only one setting. This is consistent
with Marquez et al. (2015) [18], who also reported an 81.8% intervention effectiveness using a reach
of one setting, suggesting that a targeted and focused intervention delivered in a single setting may
be preferable to interventions delivered across multiple settings. Based on the results of this study,
interventions targeting dairy and/or calcium intake should focus on delivery in preschools, early
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education centers, and/or daycares. Nonetheless, despite the inclusion of 14 interventions in this
analysis, the validity of our conclusions regarding the relationship between intervention intensity and
effectiveness is limited by the small number of studies in any given category.

Analysis of behavior change techniques was used to investigate the relationship between the use of
specific techniques and intervention effectiveness. Overall, the main finding from this analysis indicates
some associations between the use of specific behavior techniques and intervention effectiveness.
Specifically, environmental restructuring and teaching to use prompts/cues appear to be associated
with overall intervention effectiveness. These two techniques are also related, because environmental
restructuring prompts the participant to alter their environment to support the target behavior
(i.e., put up posters/images) and teaching to use prompt/cues teaches the individual to identify
environmental cues to prompt the target behavior. Given that these behavior change techniques are
strongly associated with intervention effectiveness, altering the environment to support and encourage
dairy/calcium consumption may be effective in the preschool population. As further support,
Marquez et al. (2015) [18] reported 66.7% intervention effectiveness with the use of environmental
restructuring, which is a result that is comparable to our review. Furthermore, no significant
relationships were observed between the target population (i.e., parent and child, parent alone,
child alone, or childcare services), the effectiveness of the intervention, and the use of behavior change
techniques. These results are consistent with those of Marquez et al. (2015) [18], who concluded that
parental involvement and support was not a significant predictor of intervention effectiveness. These
findings are in contrast to those published by Hendrie et al. (2012) [17], who reported that effective
studies implementing behavior change techniques specifically targeted the parents and/or family,
while ineffective studies targeted only the child. Overall, intervention effectiveness appears to be
independent of the majority of behavior change techniques, although environmental restructuring and
teaching to use prompts/cues may encourage positive behavioral change in the preschool population.

Two assessment tools, risk of bias and GRADE, were used to evaluate the overall quality of the
intervention studies included in the analysis. The majority of interventions demonstrated a high or
unclear risk of bias in most or all of the risk of bias categories, with the quality appraisal of total dairy
and total milk intake outcomes being very low based on the GRADE criteria. This demonstrates
an overall lack of reliability and validity of intervention results and conclusions, suggesting a
need to further develop standards and consistency in intervention design and the reporting of
outcomes related to dairy/calcium intakes. Improving the reporting of outcomes will (i) enable
the identification of the outcomes that are most meaningful and relevant in the preschool population,
(ii) enable the development of a consensus in this field of research regarding definitions and measures
of dairy/calcium outcomes (i.e., servings per day versus amount consumed), and (iii) identify
those outcomes that are most likely to promote increases in the effectiveness of dairy/calcium
interventions [48]. Finally, consistency in the reporting of outcomes and clarity in intervention design
would enable a comparison of study designs, sample sizes, and target populations for the purpose of
determining the factors promoting the effectiveness of dairy/calcium consumption in the preschool
population. Improving clarity and transparency in outcome reporting and intervention design will in
turn increase the reliability and the validity of conclusions about dairy/calcium intakes in preschoolers,
and inform initiatives targeting positive health behaviors.

The results of the review should be interpreted considering the limitations. One limitation was
a lack of disclosure in the methodology across interventions. This made it difficult to compare the
different categories of intervention intensity and determine which behavior change techniques were
implemented in interventions. Studies were restricted to those published in English, which may
have limited the interventions selected for final analysis. As the primary focus of this review was on
interventions aiming to increase dairy and/or calcium consumption, studies that were considered
ineffective in this review may have demonstrated effectiveness in changing other dietary and/or
physical activity targets in the intervention. Moreover, intervention effectiveness must also be
considered in context of study design, as interventions specifically designed to increase dairy and/or
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calcium consumption may demonstrate increased effectiveness when compared to mixed interventions.
Many studies did not report the actual quantities of participants’ dairy/calcium intakes, making it
difficult to report the degree of intervention efficacy. Lastly, gender bias may also be considered as a
limitation, given that some studies included only one parent in the intervention, which was typically
the mother. Despite these limitations, the use of several tools to both quantitatively and qualitatively
review the included interventions provides a comprehensive critique of this body of literature and
yields valuable insight into the characteristics of studies in this research domain.

5. Conclusions

Dietary interventions aiming to increase dairy and/or calcium consumption in preschool-aged
children demonstrate variable success. The evidence presented in this review has identified
characteristics that may enable the intervention effectiveness of increasing dairy and/or calcium intakes
in preschoolers. This includes the delivery of interventions in one setting versus multiple settings,
using specific behavior change techniques (such as environmental restructuring and teaching to use
prompts/cues), and targeting both the parent and child. Future studies should modify interventions
to exclusively target dairy and/or calcium intakes, reduce heterogeneity and/or bias, and improve
transparency in the reporting of interventions. Further investigating the relationship and effect of
target populations, specifically both parent and child, is another consideration, as it may be necessary
and important to work with the parents and/or caregivers of these preschool children to ensure
sustainable changes in dairy and/or calcium intakes. A potential avenue for future research includes
exploring the use and effectiveness of booster periods for sustaining positive behavioral change over
time in the preschool population. In the meantime, public health initiatives should aim to improve the
dairy and calcium intake of preschool-aged children for the purpose of instilling healthy dietary habits
at a young age, and mitigate the health consequences associated with insufficient intakes. Overall,
the findings of this review demonstrate the need for developing effective interventions designed to
increase dairy and/or calcium intakes in preschool-aged children.
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