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1. Introduction

1.1 Background

Overweight and obesity prevention in childhood is of high public health relevance as it is
associated with many adverse short- and long-term health consequences [1]. The prevalence
of children with overweight and obesity has been levelled off at a high rate in Germany in
recent years [2]. Worldwide, the childhood obesity prevalence has been stagnated or even
increased [3]. The reasons for the obesity development are likely multifactorial, but diet is
one important and modifiable factor [4].

It has been suggested that dietary patterns of our modern society have been changing due
to a higher exposure to artificial light and hence, food intake and bed times have been delayed
to later time points [5]. Furthermore, regularity and time of food intake may be less consistent,
varying from day to day [6] such as breakfast skipping, eating out or night eating. These
characteristics of a modern diet may contribute to the high overweight and obesity
prevalence. Those thoughts along with the observation that timing of food intake resulted in
greater weight loss in overweight adults [7] have led to the definition of a new and increasing
research area in nutritional sciences called Chrono-Nutrition. Chrono-Nutrition does not only
take into account “what” and “how much” is eaten, but “when” food is eaten and it is the
intersection between two domains, namely chronobiology and nutritional sciences [8,9]. Not
all dietary aspects of a modern lifestyle are similarly attributable in children compared to
adults. However, the updated position paper of the European Society for Paediatric
Gastroenterology, Hepatology and Nutrition [4] includes, apart from dietary factors, also food
habits and lifestyle factors for preventing childhood obesity. This emphasizes the possible
role of dietary habits and lifestyle factors such as breakfast skipping or a regular overall eating
pattern with meals and snacks in preventing childhood obesity.

Chrono-Nutrition is based on chronobiologic findings that circadian rhythms are responsible
for our daily biological rhythms, which synchronize physiological and behavioural aspects to
our 24-hour day. External cues such as the light-dark cycle provide signals to synchronize
the circadian clocks (biological timing system) [8]. The main pacemaker (central clock) is
located in the suprachiasmatic nuclei (SCN) in the hypothalamus and it is stimulated by light
received through our eyes. In addition, there are further clocks in peripheral tissues and in
the brain, which are linked to the central clock and hence, to the light-dark cycle. This system
of central and peripheral clocks regulate rhythmic control of almost the entire body such as
behavioural (e.g. sleeping/wakefulness, feeding/fasting) or physiological factors (e.qg.
hormone release). However, peripheral clocks can be additionally stimulated by factors
independent from the SCN to adapt to our surrounding such as feeding time [6,8,10]. It has
been suggested that not synchronized peripheral and central clocks, behaviour and SCN or
behaviour and peripheral clocks may increase the risk of overweight/obesity and other health
related outcomes [5,9]. Thus, the time of energy and energy from macronutrient intakes
aligned to the circadian rhythms of metabolic processes may be beneficial for body weight
control and general metabolic health [9]. For instance, it has been shown that insulin and
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glucose exhibit a circadian rhythm with a reduced insulin sensitivity and glucose tolerance
throughout the day and a nadir in the evening [11,12]. According to this theory, higher food
intakes in the morning might be beneficial for weight control and general health, whereas
higher food intakes in the evening might be less beneficial as indicated by epidemiological
studies in adults [13,14]. Besides that, irregular eating pattern or eating at different temporal
times may negatively affect body weight control. Circadian rhythms have been evolved to
facilitate adaption of all living organisms to the daily change from day to night. Circadian
rhythms are predictable as they are repeated daily and provide regularity to all organisms
[8,15]. Irregular or inconsistent eating pattern varying in time or frequency, which are not
aligned with metabolic processes, may contradict these assumptions. Thus, Chrono-Nutrition
generally comprises three dimensions: regularity, time-of-day and frequency of eating
[6,15,16]. Some authors additionally suggest duration of the eating period and duration of the
fasting period, respectively, as the fourth dimension of Chrono-Nutrition [8]. However, we did
not include the aspect of “duration” as it was not applicable in children, especially in young
children where night feeding is common.

Regularity of eating as the first dimension of Chrono-Nutrition is usually examined in
epidemiological studies as irregular consumption of meals and snacks on health outcomes
(meals and snacks are summarized to eating occasions (EO) in the following). Particular in
children, breakfast skipping has been examined in previous studies with conflicting results.
Some studies found a beneficial effect of regular breakfast consumption on body mass index
(BMI) and body composition [17], but others did not [18]. A systematic review by Monzani et
al. [19] concluded that further studies are needed to examine the association between
breakfast skipping and weight due to heterogeneous results of existing studies using
standardized methods. However, the regularity of other EOs than breakfast have rarely been
investigated in children.

The second dimension of Chrono-Nutrition, the time-of-day of eating on overweight
development in children has been investigated in only a small number of studies. The
available studies reported varying results. In particular, higher food intakes at supper [20] or
evening/night snack [21,22] have been associated with higher weight in children; higher food
intake at breakfast [23] has been associated with neutral effects, whereas higher food intake
at lunch was associated with lower overweight risk [24]. Time of macronutrient intake has
been rarely examined. One study found a higher fat intake at lunch to be detrimental for
weight status [21], but another study found that lower fat and carbohydrate intake in the
morning to be associated with a higher body fat mass index [25]. These contradicting results
indicate the need for further studies, particularly of studies with longitudinal design to
decrease the probability of chance findings.

Eating frequency (EF) as the third dimension of Chrono-Nutrition has been described in
relation to weight development in children in a relatively large number of studies. A meta-
analysis examined the association between EF and overweight in children and adolescents
and found a higher EF (highest vs. lowest EF category) to be beneficial on body weight, which
was significant only in boys [26]. The studies included in the meta-analysis are all cross-
sectional and either use 24h-recalls or questionnaires, mainly filled out by parents. EF is a
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behaviour, which is likely to vary from day to day and hence, several days of dietary reporting
are needed to receive a glimpse of a regular eating habit.

In summary, the studies reported above indicate clearly that for each of the three dimensions
of Chrono-Nutrition more high-quality evidence is needed. As clinical trials are often difficult
to conduct in nutritional epidemiology, particularly for eating behaviour (e.g. difficulties in
blinding) [27,28], longitudinal studies often represent the highest evidence. As the regularity,
time of eating and frequency are all aspects related to eating behaviour, data collected over
several days are needed to mimic and visualize regular eating patterns. Furthermore, intake
from one EO is likely to influence intake of subsequent or prior EOs. For instance, if a shack
between meals is eaten, the following meal ought to be smaller than without that snack.
Hence, it is important to examine the dietary intake over a complete 24 hour day.

As described in the beginning, the “when” of food intake is similarly important in Chrono-
Nutrition compared to the “what” and “how much” was eaten as the “what” and “how much”
represent the quality and quantity of foods consumed. We examined the “what” was eaten
by looking at the macronutrient composition, namely the total protein, total fat and total
carbohydrate intake. As indicated above, only very few studies have examined the timing of
macronutrient intake on overweight development in children [21,25] and most of the studies
focused on a particular EO such as regularity of breakfast consumption and nutrient intake
[29]. The “how much” was eaten has been examined by looking at the energy intake
consumed at each EO. The “what” and “how much” of food intake are inherently linked to
“when” was eaten and hence, are part of the Chrono-Nutrition definition [6].

We have limited our analyses to infants and children as this is a sensitive time period, when
dietary habits [30], but also overweight and obesity start to develop [2], which may provide
potential for prevention and public health interventions. Most of the research on Chrono-
Nutrition has been reported in adults, but it is not yet known, if results obtained from adults
apply similarly to children. Furthermore, we have limited our analyses to examine overweight
and obesity by BMI in children, as BMI is a good indicator for overweight development.
However, BMI is not a diagnostic tool and does not discriminate between body compositions
with higher or lower body fat contents [31]. As Chrono-Nutrition and particularly, the analysis
of Chrono-Nutrition in children is in the beginning, we believe that the BMI is a good first
indicator to examine, if a potential association exist.

There are potential factors, which might bias or modify the association between Chrono-
Nutrition and BMI in children, besides quality and quantity of food consumed. Possible factors
were identified by literature research and expert opinions and include the age of children,
country of residence, sex and feeding mode. Firstly, the age of investigated children is an
important factor as younger compared to older children have different dietary and
developmental needs, which probably influence the regularity, frequency and distribution of
EOs throughout the day. For instance, infants receive breastmilk or formula as sole food
during the first 4- to 6-months of life. After that, complementary foods are added as an
addition. Twelve-months-olds are able to eat similar foods as the other family members and
with increasing age, children acquire further motor, cognitive, social and language skills,
which may influence their eating behaviour [32]. In older children, the influence of peers might
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influence the eating behaviour as children want to be similar to their peer group [33].
Secondly, the country of residence is a further probably important factor as it is known that
time of eating, kind of foods consumed and the importance of specific EOs are different in
different European countries [34]. Thirdly, sex of the children might be a modifying factor as
previous studies have been reported that for instance, girls tend to skip breakfast more often
than boys [19]. Fourthly, the choice of feeding mode (breastfeeding vs. formula feeding) might
be an influential factor as for instance gastric emptying is faster in breastfed compared to
formula-fed infants, probably due to a different nutrient composition [35]. This might have
effects on the EF and the distribution of EOs throughout the day.

The available evidence outlined, indicate the need for examining the potential association
between Chrono-Nutrition in children and BMI development. In particular, longitudinal
studies, which mimic a regular eating pattern over a time period of several, complete 24h-
days in children are needed. Furthermore, it is important to take into account all aspects of

Chrono-Nutrition (“when”, “what” and “how much” was eaten) and to consider potential
influential factors to receive coherent results.

1.2 Outline

The overarching aim of this cumulative thesis is to examine the effect of Chrono-Nutrition
with its dimensions regularity, time-of-day and frequency of energy and macronutrient
consumption on BMI in children. Secondary aims of this thesis are to examine the modifying
factors country of residence, developmental age, sex and feeding mode in relation to Chrono-
Nutrition and BMI in children. For all analyses, data from the European Childhood Obesity
Project (CHOP) [36] are used. This cumulative thesis is based on three publications listed as
follows:

() Jaeger, V., Koletzko, B., Luque, V., Ferré, N., Gruszfeld, D., Gradowska, K.,
Verduci, E.,Zuccotti, G.V., Xhonneux, A., Poncelet, P., Grote, V. Distribution of
energy and macronutrient intakes across eating occasions in European children
from 3 to 8 years of age: The EU Childhood Obesity Project Study. Eur J Nutr 62,
165-174 (2023). https://doi.org/10.1007/s00394-022-02944-6

()} Jaeger, V., Koletzko, B., Luque, V., Gispert-Llaurado, M., Gruszfeld, D., Socha,
P., Verduci, E., Zuccotti, G.V., Etienne, L., Grote, V. Time of Dietary Energy and
Nutrient Intake and Body Mass Index in Children: Compositional Data Analysis
from the Childhood Obesity Project (CHOP) Trial. Nutrients, 14, 4356 (2022).
https://doi.org/10.3390/nu14204356

{11)) Jaeger, V., Koletzko, B., Luque, V., Gruszfeld, D., Verduci, E., Xhonneux, A.,
Grote, V. Eating Frequency in European Children from 1 to 96 Months of Age:
Results of the Childhood Obesity Project Study. Nutrients, 15, 984 (2023).
https://doi.org/10.3390/nu15040984

The overall and secondary aims are discussed in the three listed publications, whereby in
each publication a different aspect of Chrono-Nutrition is covered. In the following, the
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specific aims of the publications are detailed. A graphical summary with all aspects of
Chrono-Nutrition and the contribution of each publication to the overall aim is presented in
Figure 1. The full publications and the contribution of the applicant to the publications are
provided in chapters 4 to 6.

() The aims of publication | are to examine the total energy intake and energy intake
from macronutrient (total fat, carbohydrate and protein) at different EOs over the
day in children aged 3 to 8 years in five European countries. Furthermore,
differences between country of residence, sex and age groups as well as skipping
of EOs are examined.

()} The aims of publication Il are to examine the time-of-day energy and energy from
macronutrient (total carbohydrate, protein, and fat) intakes in relation to the
overweight status of European children aged 3 to 8 years. In addition, the effect
of meal timing by analysing the (re-) distribution of energy and energy from
macronutrients throughout the day (breakfast, lunch, supper, and snacks) on BMI
Z-score were examined in a longitudinal study.

(I The aims of publication Il are to study the EF of European children during the age
from 1 to 96 months of age. Moreover, the EF trajectory evolution with age, during
the time-of-day, and potential associations with infant feeding mode
(breastfeeding vs. non-breastfeeding), sex, country of residence and weight
status were examined.
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Figure 1: Overview of factors examined within this cumulative thesis and overview of how these
factors were assigned to each of the three publications. First level: columns of Chrono-Nutrition
(“when”, “what” and “how much” was eaten) with the dimensions regularity, time-of-day and
frequency of eating; second level: identified and examined influential factors; third level:
publications.
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2. Summary

Epidemiological studies have increasingly shown that the time of food intake might be
similarly important for the development of overweight than the amount and composition of
foods consumed. Within this thesis, | have aimed to examine the effect of Chrono-Nutrition
with its dimensions regularity, time-of-day and frequency of eating on the risk of developing
overweight in European children. In addition, | have examined factors, which have the
potential to influence the association between Chrono-Nutrition and BMI in children. These
influential factors are the feeding mode during the first year of life, country of residence, age
evolution and sex. This thesis is based on three publications, with each publication
comprising one of the three dimensions of Chrono-Nutrition and several potentially influential
factors. Publication | examined the regularity of eating and the distribution of energy and
energy from macronutrients throughout the day; publication Il investigated the daytime effect
of energy intake and energy intake from macronutrients on BMI; publication Il examined the
frequency of eating, its distribution throughout the day and the possible association between
frequency of eating and overweight development.

We used for all publications data of the CHOP study. The CHOP study was initiated as a
randomized clinical trial including an additional observational study arm of breastfed children.
The study comprised in total 1678 healthy children from Belgium, Germany, Italy, Poland and
Spain recruited during the first two months of life. The infants were followed-up in regular
time intervals until 11 years of age. In all publications we used valid nutritional data collected
as three-day weighed and/or estimated dietary records. The dietary records were collected
monthly during the first nine months of life and at 12, 18, 24, 36, 48, 60, 72 and 96 months of
age. The time of eating was differently defined before study start in infants/toddlers and in
children to collect eating patterns for both age ranges and to be able to compare eating
patterns between countries. The time of eating was entered as exact time until 24 months of
age and thereafter as pre-defined categories (breakfast, lunch, supper and snacks during
morning, afternoon and evening). The daytime distribution of meals and snacks as well as
the EF have been examined by adding all daily EOs averaged over three days. The regularity
of food intake has been identified by the frequency of each EOs in the three-day dietary
records. In addition to dietary records, we used all time points from anthropometric
measurements (BMI and BMI cut-offs, respectively), which were available at 24, 36, 48, 60
and 72 months of age. Influential factors were collected by questionnaire. We used for all
analyses mixed effects models, as mixed effects models are capable of handling
dependencies, which arise by measuring the same subject repeatedly. The mixed effects
models were adapted for each research question. In publication I, we used mixed effects beta
regression as the outcome variable was present as continuous proportional data, while in
publication 1ll, we used generalized additive mixed effects models to estimate non-linear
models. In publication I, we combined mixed effects models with compositional data analysis
(CoDA) to investigate firstly, the effect of time-of-day of eating separately from the energy
intake and secondly, to investigate all EOs simultaneously. CoDA is a method, which haven’t
been used in nutritional epidemiology previously. All models were assessed with respect to
BMI development in children, if statistically plausible. We performed several sensitivity
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analyses for each model to verify the robustness of the results. Statistical model assumptions
have been checked by inspection of residuals. All analyses were performed in R Studio.

Depending on the research question, data have been comprised from 740 (publication I), 729
(publication 1) or 1244 (publication 1ll) subjects aged between 36 and 96 months of age
(publications | and II) and 1 and 96 months (publication Ill), respectively. The composition of
the study population in all publications is similar: children originate to 25% each from Spain
and ltaly, followed by 20% from Poland as well as 15% each from Germany and Belgium.
European children showed a regular eating pattern of meals with the highest daily intake at
lunch, followed by supper, breakfast and snacks. Lunch and supper were mainly composed
of protein and fat intakes, whereas a high portion of carbohydrates characterized breakfast
and snacks. Children being overweight or normal-weight showed different proportional
distributions of energy and energy from macronutrients at meals and snacks. Children being
overweight consumed higher proportional intakes of energy and energy from macronutrients
at lunch and less at snacks. However, the differences related to the overweight development
in children were no longer significant, when the effect of time-of-day was disentangled from
the energy intake. Furthermore, no statistical significant differences in EF was observed
between children being overweight and normal-weight. From the potential influential factors
examined, country of residence was the most often observed influential factor, as the
proportional distribution of each EO, EF and the daytime of eating was different in the
countries examined. The child development influenced Chrono-Nutrition, where children at
older ages proportionally ate on average more at lunch and supper, and less during snack
times compared to younger age children. Similarly, the EF decreased significantly from 1 to
96 months of age. The EF of breastfed compared to non-breastfed infants was higher in the
first year of life. No differences between boys and girls were observed in any of the three
dimensions of Chrono-Nutrition.

The results of the here presented thesis suggest that the effect of Chrono-Nutrition on
overweight development in children is of minor relevance. In particular, EF contributes to the
total daily energy intake and is a notable dietary factor relevant for the overweight
development. However, our results suggests that this seems not to be true in children. It
might be related due to child growth and development. Children have higher nutritional
requirements and relatively higher energy needs than adults, while gastric capacity is
restricted at the same time, which demand children to eat more frequently. Overall, by taking
into account, influential factors, particularly country of residence, it seems that cultural factors
shape the time and frequency of EOs as well as the daytime distribution of energy intake and
energy obtained from macronutrients. Cultural factors seem to be more important than purely
physiological factors to determine the (temporal) eating pattern in children.
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3. Zusammenfassung

Epidemiologische studien haben vermehrt gezeigt, dass der Zeitpunkt des Essens ebenso
einen Einfluss auf die Ubergewichtsentwicklung haben konnte, wie die Menge und die
Zusammensetzung der Nahrung. In dieser Arbeit wurden der Effekt der Chrono-Ernahrung
mit den Dimensionen Regularitat, Zeitpunkt und Haufigkeit des Essens auf das Risiko der
Ubergewichtsentwicklung bei europaischen Kindern untersucht. Zudem wurden Faktoren,
die die mogliche Assoziation zwischen Chrono-Erndhrung und BMI bei Kindern beeinflussen
konnten, Gberpruft. Die untersuchten Einflussfaktoren sind die Ern&hrungsmethode im ersten
Lebensjahr, der Wohnsitz, die Altersentwicklung und das Geschlecht. Diese Arbeit umfasst
drei Publikationen, die jeweils einen Aspekt der Chrono-Erndhrung sowie mehrere
Einflussfaktoren beinhalten. Publikation | untersucht die Regelmagigkeit des Essens sowie
die tageszeitliche Verteilung der Nahrungsaufnahme; Publikation Il untersucht die Tageszeit
der Nahrungsaufnahme auf den BMI; Publikation Il untersuchte die Haufigkeit des Essens,
deren Verteilung Uber den Tag und die moégliche Assoziation zwischen der Haufigkeit des
Essens und der Ubergewichtsentwicklung.

Fur alle Publikationen wurden Daten des Childhood Obesity Projects (CHOP) verwendet. Die
CHOP-Studie wurde 2002 als eine klinisch randomisierte Studie initiiert und enthielt einen
zusatzlichen Studienarm aus beobachteten gestillten Kindern. Insgesamt wurden 1.678
gesunde Sauglinge aus Belgien, Deutschland, Italien, Polen und Spanien in den ersten
beiden Lebensmonaten rekrutiert. Die Sauglinge wurden in regelmaligen Abstanden zu
Studienbesuchen bis elf Jahren eingeladen. Fir alle Publikationen wurden Daten von
Probanden mit validen Erndhrungsdaten verwendet, die anhand von gewogenen und/oder
geschatzten Tagesprotokollen an drei Tagen erhoben wurden. Die Erndhrungsprotokolle
wurden in den ersten neun Monaten monatlich, sowie im Alter von 12, 18, 24, 36, 48, 60, 72
und 96 Monaten erhoben. Der Zeitpunkt der Essensaufnahme wurde zu Studienbeginn
unterschiedlich fur Sauglinge/Kleinkinder und Kinder definiert um das Essverhalten in beiden
Altersbereichen und zwischen den Landern vergleichbar zu machen. Bis 24 Monate wurden
exakte Uhrzeiten angegeben und ab 36 Monate wurden vordefinierte Kategorien verwendet
(Fruhstuck, Mittagessen, Abendessen und Zwischenmahlzeiten wéhrend des Vormittags,
des Nachmittags und des Abends). Um die tageszeitliche Verteilung der Haupt- und
Zwischenmabhlzeiten (nachfolgend: Essgelegenheiten) sowie die Esshaufigkeit zu
untersuchen, wurden alle Essgelegenheiten eines jeden Tages aufsummiert und der
Durchschnitt tber die drei Tage gebildet. Die Regelmafigkeit des Essens wurde anhand der
Haufigkeit der jeweiligen Essgelegenheiten in den einzelnen Protokollen ermittelt. Neben
Zeitpunkten mit Ernahrungsprotokollen wurden Zeitpunkte mit anthropometrischen
Messungen (BMI bzw. BMI-Cut-offs) beriicksichtigt, die mit 24, 36, 48, 60, 72 und 96
Monaten erhoben wurden. Die Einflussfaktoren wurden via Fragebogen erhoben. Fur alle
Publikationen wurden gemischte Modelle (,Mixed effects models®) verwendet, da gemischte
Modelle Abhangigkeiten bertcksichtigen kénnen, die bei wiederholten Messungen der
gleichen Probanden auftreten. Die gemischten Modelle wurden an die jeweiligen
Fragestellungen angepasst. In Publikation | wurden gemischte Beta-Regressionsmodelle
verwendet, da die Ergebnisvariable in stetigen prozentualen Werten vorlag, wahrend in
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Publikation Il generalisierte additive gemischte Modelle verwendet wurden, um nichtlineare
Modelle untersuchen zu koénnen. In Publikation 1l wurden gemischte Modelle mit der
zusammengesetzten Datenanalyse kombiniert, um einerseits den Effekt der Tageszeit
getrennt vom Effekt der Energiezufuhr und andererseits alle Essgelegenheiten simultan
untersuchen zu kénnen. Die zusammengesetzte Datenanalyse ist eine Methode, die in der
Erndhrungsepidemiologie zuvor noch nicht verwendet wurde. Alle Modelle wurden, wenn
statistisch plausibel, hinsichtlich BMI Entwicklung bei Kindern analysiert. Fir alle Modelle
wurden verschiedene Sensitivitdtsanalysen durchgeftihrt, um die Robustheit der Ergebnisse
zu prufen. Die statistischen Modellannahmen wurden durch die grafische Inspektion der
Residuen Uberpruft. Alle Analysen wurden in R Studio durchgefihrt.

Je nach Fragestellung wurden Daten von 740 (Publikation 1), 729 (Publikation Il) oder 1,244
(Publikation Ill) Probanden im Alter zwischen 36 und 96 Monaten (Publikationen | und II)
bzw. 1 und 96 Monaten (Publikation IIl) untersucht. Die Zusammensetzung der
Studienpopulationen in allen Publikationen ist &hnlich: Die Kinder stammten zu jeweils 25%
aus Spanien und ltalien, gefolgt von Polen (20%), Deutschland und Belgien (jeweils 15%).
Européische Kinder zeigten ein regelmafiges Essverhalten bei den Hauptmahlzeiten auf mit
der hdchsten taglichen Zufuhr zum Mittagessen, gefolgt vom Abendessen, Frihstiick und
den Zwischenmabhlzeiten. Mittag- und Abendessen setzten sich Uberwiegend aus Fetten und
Proteinen zusammen, wahrend das Friuhstiick und die Zwischenmahlzeiten durch einen
hohen Anteil an Kohlenhydraten gepragt waren. Kinder mit Ubergewicht und Normalgewicht
zeigten unterschiedliche proportionale Verteilungen an Energie und Energie von
Makronahrstoffen zu den Essgelegenheiten. Kinder mit Ubergewicht verzehrten proportional
mehr Energie und Energie von Makronédhrstoffen zum Mittagessen und weniger zu den
Zwischenmahlzeiten. Jedoch waren die Unterschiede auf die Ubergewichtsentwicklung bei
Kindern nicht mehr statistisch signifikant, wenn der Effekt der Tageszeit von der
Energiezufuhr getrennt betrachtet wurde. Des Weiteren konnten Kkeine statistisch
signifikanten Unterschiede in der Esshaufigkeit zwischen Kindern mit Ubergewicht und
Normalgewicht beobachtet werden. Von den untersuchten Einflussfaktoren war der Wohnsitz
der Kinder der am haufigste beobachtete Einflussfaktor. Landerunterschiede wurden
beobachtet bei der proportionalen Verteilung der jeweiligen Essgelegenheiten, der
Esshaufigkeit und der Tageszeit zu denen die Essgelegenheiten verzehrt wurden. Die
Entwicklung der Kinder beeinflusst die Chrono-Erndhrung, wobei altere Kinder im Schnitt
proportional mehr zu Mittag- und Abendessen und weniger zu den Zwischenmabhlzeiten
verzehrten als im jungeren Alter. Zudem verringerte sich die Esshaufigkeit von 1 zu 96
Monaten signifikant. Die Esshaufigkeit von gestillten im Vergleich zu nicht gestillten
Sauglingen war im ersten Lebensjahr hoher. Unterschiede zwischen Jungen und Méadchen
konnten in keiner der drei Dimensionen von Chrono-Ernahrung beobachtet werden.

Die Ergebnisse der vorliegenden Arbeit implizieren, dass der Effekt der Chrono-Erndhrung
auf die Ubergewichtsentwicklung bei Kindern eine untergeordnete Rolle spielt. Insbesondere
die Esshaufigkeit ist durch den Beitrag zur Gesamtenergiezufuhr ein relevanter
ernahrungsbezogener Faktor fir die Ubergewichtsentwicklung. Unsere Ergebnisse deuten
allerdings darauf hin, dass dies bei Kindern nicht der Fall zu sein scheint. Dies kdnnte auf



Zusammenfassung 13

das kindliche Wachstum und Entwicklung zuriickzufiihren sein. Kinder haben einen erhdhten
Nahrstoffbedarf und einen relativ hoheren Energiebedarf bei gleichzeitig eingeschréankter
gastrischer Kapazitat als Erwachsene, weshalb Kinder haufiger essen missen. Wenn
Einflussfaktoren, insbesondere die Herkunft der Kinder, auf das zeitliche Essverhalten
bertcksichtigt werden, scheinen kulturelle Faktoren den Zeitpunkt und die Haufigkeit der
Essgelegenheiten sowie die tageszeitliche Verteilung von Energie und Energie von
Makronahrstoffen zu formen. Kulturelle Faktoren scheinen somit wichtiger zu sein als rein
physiologische Faktoren, um das (zeitliche) Essverhalten von Kindern zu bestimmen.
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Abstract

Purpose We aimed to characterize the distribution of energy and macronutrient intakes across eating occasions (EO) in
European children from preschool to school age.

Methods Data from 3-day weighed food records were collected from children at ages 3, 4, 5, 6 and 8 years from Belgium,
Germany, Italy, Poland and Spain. Food intakes were assigned to EO based on country-specific daytimes for breakfast,
lunch, supper and snacks (morning, afternoon). The average energy and nutrient intakes were expressed as percentage of
total energy intake (%E). Nutrients were additionally expressed as percentage per EO (%Eg). Foods were assigned to food
groups; variation in intake was calculated via coefficient of variation (CV). We analyzed age trends in diurnal intake using
mixed-effects beta regression.

Results The 740 healthy children included in the analysis consumed the largest proportion of daily energy at lunch (31%E + 8,
M + SD) and supper (26%E + 8), followed by breakfast (19%E + 7) and snacks [afternoon (16%E + 8); morning (8%E +7)],
with the most variable intake at morning snack (CV =0.9). The nutrient composition at lunch and supper was highest for fat
(36 £9%E yneh: 39 £ 11%Eg, ;) and protein (18 £ 5%Ey ;18 £ 6%Eg,;,,) and at breakfast and snacks for carbohydrates
(54 + 12%Eg caktasts 62 + 12%Eg, k). High-sugar content foods were consumed in relatively large proportions at breakfast
and snacks. Food intakes varied significantly with age, with lower snack intakes at later ages (p <0.001).

Conclusion Possibly unhealthy EOs with high-fat intakes and high-sugar-content foods were observed. Changes in nutrient
composition of EOs may be beneficial for health.

Trial registry: ClinicalTrials.gov: NCT00338689; 19/June/2006.

Keywords Children - Chrono-nutrition - Time-varying - Energy - Macronutrients - Dietary pattern
Abbreviations EO  Eating occasion

BMI Body Mass Index TEI  Total energy intake
CV  Coefficient of variation
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Introduction

Chrono-nutrition is an emerging field in nutrition science
which does not only study what is eaten but also takes the
timing, regularity and frequency of eating into account [1].
Research in children and adolescents has focused on break-
fast skipping [2, 3] or late night eating [4, 5] and its possible
health effects.

The diet of young children is markedly influenced by the
family’s eating behaviour [6]. Eating behaviour develops
already during the first and second year of life, particularly
after introduction of complementary feeding, and is likely
to track into mid-childhood and older ages [7]. Infants and
young children typically eat more frequently than older chil-
dren and adults [8]. When children get older, eating occa-
sions (EO) in western countries are usually three main meals
per day (breakfast, lunch and supper) and an additional one-
to-three snacks between main meals. The quantity and com-
position of food as well as the time when food is consumed
varies markedly across countries [9-11]. Furthermore, first
results of studies examining time-varying food intake sug-
gest that dietary intakes at different times of the day might
have differential effects on weight gain [12, 13].

Studies investigating eating behaviour in children have
focused mainly on one [3, 14] or few EOs [15]. In particu-
lar, breakfast consumption and its health consequences have
been studied [16, 17]. Food and nutrient intake at one meal is
affected by the meal and snacks eaten before. Also, how food
intake is distributed within a day may vary with age. Better
understanding of eating habits across the day might con-
tribute to strategies for improving dietary habits and health
in children. Therefore, we aimed to describe the energy and
macronutrient (total fat, carbohydrate and protein) intake at
different EOs over the day in children aged 3 to 8 years in
five European countries. Differences between countries, sex
and age groups and skipping of EOs are analyzed.

Materials and methods
Study design and population

This study used dietary data collected as part of the Euro-
pean Childhood Obesity Project (CHOP) randomized
intervention trial. The intervention examined the effect
of different protein content in infant formula on growth
and later obesity risk [18, 19]; apart from the interven-
tion groups, one-third of all included children were fully
breastfed for at least 3 months of life. Between 2002 and
2004, 1678 infants in Belgium (Liege and Brussels), Ger-
many (Munich and Nuremburg), Italy (Milano), Poland
(Warsaw) and Spain (Tarragona and Reus) were enrolled

@ Springer

during their first 8 weeks of life (median 2 weeks) and fol-
lowed up until 11 years of age. Only healthy, full-term and
singleton infants were included in the trial. The trial was
conducted in accordance with the Declaration of Helsinki,
approved by the ethical committee from each participat-
ing site, and registered (NCT00338689, clinicaltrials.gov).
Parents provided written informed consent before enrol-
ment. At the age of 8 years, children also provided assent
to further follow-up.

Dietary assessment

Dietary data with predefined EOs were collected at the
ages 3,4, 5, 6 and 8 years using weighed and estimated
dietary records for three consecutive days (2 weekdays
and 1 weekend day) completed by parents or caretakers.
Food and leftovers were weighed using food scales (Unica
66006; Soehnle, Murrhardt, Germany). In case no weigh-
ing was possible, an atlas of food pictures was used to
support the estimation of portion sizes.

Dietary records were entered in a software specifically
developed and designed for this study. Nutritional products
and their content were primarily based on the German food
composition database BLS 2.3 (Bundeslebensmittelschliis-
sel) and were enriched by information from product labels,
manufacturers or national food databases of participating
countries, if necessary. For analysis, nutritional values of
products were updated to BLS 3.01. Quality checks of col-
lected dietary records were executed by trained dieticians
on several stages following standard operating procedures
[20, 21]; all records were checked by a dietician together
with the parents at each study visit. Foods and bever-
ages reported by parents were assigned to food groups
and summarized to main groups. A list with the types of
foods in each food group are detailed in the Supplementary
Table S1.

Misreporting of energy intake was considered based on
the ratio of reported energy intake and estimated energy
requirements as described in detail elsewhere [22]. Misre-
ports were identified but not excluded as recommended [23].

Eating occasions (EO)

An EO is any event when foods or beverages are consumed.
The term EO is a neutral definition to examine eating pat-
terns including meals and snacks. In this analysis, EOs were
predefined (before data collection) according to typical time
slots and typical foods in each country in 3 meals (breakfast,
lunch and supper) and 3 snacks (morning, afternoon and
evening). All food intakes were then assigned to one of the
six EOs above. Thus, also country-specific distinctions of
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times of EOs on weekends and weekdays were taken into
account.

Skipping of EOs was defined as subjects who have not
eaten an EO throughout all days of a food record. Intake
from subjects skipping an EO was included in the analysis
with zero calories.

Covariates

At each time point, weight and height were measured by
trained study personal. Sex, smoking during pregnancy and
parental education were collected by questionnaire at base-
line. The latter was classified according to the International
Standard Classification of Education [24] into low, medium
and high level of education. Maternal body mass index
[BMI; weight (kg)/height (m?)] was calculated from self-
reported pre-pregnancy weight and from height measured
at baseline. BMI was classified in weight groups according
to the World Health Organisation [25].

Statistical analysis

Subjects with dietary data on at least one out of five time
points (3, 4, 5, 6 and 8 years) were included in the analysis as
described previously [18]. The average intake (kcal/day) was
calculated for energy and energy from macronutrients (car-
bohydrate, protein and fat) from the dietary records for each
time point. Each nutrient was expressed either as percentage
contribution towards total daily energy intake (TEI;%E) or
as its percentage contribution towards total energy intake for
each EO (%Eg(). The nutrient composition in%Eg facili-
tated the assessment of nutrient composition at each EO
independent of the amount of energy each EO is contribut-
ing towards TEI. The average intakes for energy and energy
from nutrients were summarized by age and country unless
otherwise indicated.

Data are presented as arithmetic mean (standard devia-
tion) for continuous variables and as counts (%) for cate-
gorical variables. CV (standard deviation/mean) was used
to assess variability independent of size of meal consumed.

Age effects for energy and nutrient intakes were esti-
mated using mixed-effects beta regression which is suitable
to model continuous proportional outcomes with repeated
measurements. Intake from subjects skipping an EO was
transformed according to (Y X (n-1)+0.5)/n, where n is the
sample size and Y energy intake, as recommended [26]. Age
effects for afternoon and morning snacks were combined
to “snacks” due to a higher number of subjects skipping
an EO. Mixed-effects models with a logit link were used
with child-specific random intercept and slope over age.
Age was added as fixed effects either as continuous vari-
able or in case of non-linearity as piecewise linear splines
(energy and fat: splines for lunch with knots at 5 and 6 years;

carbohydrate: splines for lunch with knot at 5 years; protein:
splines for lunch with knot at 4 year and snacks with knot at
5 years). Energy and energy from nutrients for each EO (%
and %E, respectively) were used as outcomes. The models
were adjusted for misreporting, TEI, country and the interac-
tion of TEI and country. The interaction was included as the
increase in TEI over age differed by country. For macronu-
trients TEI was replaced by energy from total carbohydrate
(kcal), total protein (kcal) and total fat (kcal), respectively.
Model specifications were checked graphically by depiction
of residuals. Sensitivity analyses were performed by exclu-
sion of 2.5% of highest and lowest intake for each EO and
energy or energy from nutrients. Regression results were
plotted using predicted values. Sex differences in energy and
nutrient intakes (in %E) at each EO were tested by t-test
with food intakes averaged over age for each subject to
avoid dependent observations. All statistical analysis were
performed by R studio version 4.0.4 [27], and the package
“elmmTMB”, “DHARMa” and “ggeffects” were applied.
Statistical testing was defined as significant for p <0.05 with
Bonferroni adjustment.

Results

We included 740 healthy subjects (53% girls) with 2563 food
records in this analysis. Subjects participated on average in
3.5 out of 5 time points, whereas 33% of subjects partici-
pated in all 5 time points. 97% of all food protocols were
recorded for 3 days as intended. Most of the subjects were
recruited in Spain (28%), followed by Italy (27%), Poland
(17%), Germany (14%) and Belgium (13%). The average
participation rate was highest in Italy (4 out of 5 visits) and
lowest in Poland (2 out of 5 time points). A third of the chil-
dren belonged to the initial observational breastfed group
and 68% to the intervention group. Half of subject parents
had a medium education level and participation rate at all
5 time points was higher if parents had a medium or high
education level. Maternal pre-pregnancy BMI was classified
as normal-weight in 63% of the mothers, as overweight in
20% and obese in 8% of all mothers. One-third of the moth-
ers smoked during pregnancy. Twenty-four percent of the
subjects were at risk of overweight or obesity with a BMI
z-score above 1, with highest rate at 8 years of age (30% of
subjects). Average EO frequency decreased from 3 to 8 years
from 5.7 EOs to 5.1 EOs per day (excluding EOs consisting
of water or unsweetened tea).

The mean dietary intake for the study population strati-
fied by age group and the total population is described in
Table 1. The average daily energy consumption increased
from 1160 kcal at 3 years to 1547 kcal at 8 years, while
the energy intake per kg body weight decreased consider-
ably, but the contribution of macronutrients to energy were
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Table 1 Mean energy and

R X Age in years 3(n=570) 4(n=533) 5(n=489) 6(n=525) 8((n=446) Total (N=740)"
macronutrient intake of children
aged 3 to 8 years Energy
Kcal/day 1160+240 1268+235 1343+249 1432+249 1547+288 1340+284
Kcal/kg® 80+18 76+16 7115 66+ 14 56+13 70+17
Carbohydrates
g/day 150 +46 160 +37 172449 183+43 192449 170+47
%E°® 52+16 5110 S51+13 51+10 5011 5112
Protein
g/day 45+12 48+12 50+13 54+13 59+15 51+14
%E* 1643 15+ 15+3 15+3 1543 15+3
Fat
g/day 45+12 50+13 53+13 56+ 14 62+17 53+15
%E° 35+6 35+6 35+6 35+6 36+6 35+6

Values are presented as mean =+ standard deviation.

4740 subjects with 2563 observations in total

%48 subjects had no weight measurements

“Percentage values are based on total energy intake per day

very similar for each age group. The highest average total
energy was consumed in Poland (1449 +239 kcal) followed
by Spain (1403 +293 kcal), Italy (1305 +273 kcal), Bel-
gium (1253 +250 kcal) and Germany (1237 +297 kcal).
The total amount of energy from carbohydrate was

Table2 Energy and macronutrient intake by eating occasion in per-
centage of daily total energy intake and of total energy intake from
macronutrient with coefficient of variation (CV) in 740 children with

highest in Germany (756 + 352 kcal; 61%E) and for protein
(246 + 59 kcal; 18%E) and fat (559 + 149 kcal; 40%E) in
Spain (Supplementary Table 2 and 3). Dietary data were
identified as under-reported in 13% and as over-reported in
12% of all observations. The number of plausible reports was

food protocols (N=2563) at 3, 4, 5, 6, and 8 years of age and from 5
countries (Belgium, Germany, Italy, Poland, and Spain)

Energy Carbohydrates Protein Fat

Mean +SD (%) CvV Mean +SD (%E) CV Mean +SD (%E) CV Mean +SD (%E) CvV
Breakfast 18.9+6.8 0.4 20.3+8.0 0.4 17.7£7.5 0.4 17.9+8.7 0.5
Morning snack 79+7.4 0.9 9.9+8.8 0.9 53+6.1 1.1 63+7.6 12
Lunch 30.9+8.4 0.3 28.0+9.2 0.3 36.5+10.3 0.3 324+11.1 0.3
Afternoon snack 16.4+7.6 0.5 19.9+8.9 0.4 10.4+6.4 0.6 14.3+9.1 0.6
Supper 25.8+8.1 0.3 22.0+89 0.4 30.0+10.5 0.4 29.0+11.1 0.4
CV coefficient of variation, SD standard deviation
Fig. 1 Average energy intake Energy
in percentage of total intake per
eating occasion in children fol- =i
lowed at 3, 4, 5, 6, and 8 years ® 40 -
of age in Belgium (n=97), Ger- £ |
many (n=106), Italy (n=201), 2304 R S S
Poland (n=126), and Spain 8 | «m BB < . Ww-—=-=-
(n=210). The dashed lines £ 20 . ‘ A " § §
indicate the mean of each eating ? § § §
occasion across all countries S 10 - § ¥ \ §
(N=740) X N I I' § N

o LN i\ N\ N

Breakfast
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highest in Germany with 81% of dietary records. Highest
percentages of over-reporting and under-reporting were seen
in Poland (16% and 11% of dietary records, respectively)
and Spain (14% and 13% of dietary records, respectively).

The relative contribution of energy and energy from
macronutrients at each eating occasion is summarized in
Table 2. Most energy was consumed at lunch, followed by
supper and breakfast. The snack during afternoon provided
more energy than the morning snack. Snack intakes con-
tributed 24% of TEI and, hence, a greater contribution than
breakfast (19%). The highest variation in mean intake (CV)
was seen at morning snacks, especially for protein and fat.

In Fig. | the average intake of energy is displayed for
each country. Breakfast (22 +6%) was larger than supper
(19 +6%) in Poland, whereas in Belgium, lunch and sup-
per were consumed with similar size. Morning snack in
Italy was very small (3 +4%), but lunch (35 +8%) and
supper (26 +7%) were higher than in the other countries.

Overall and country-specific average nutrient distribu-
tion for each EO over age is depicted in Fig. 2. Lunch
and supper were characterized by high intakes of fat
(lunch: 36.3 £ 9.1%E ey supper:39.1 + 10.9%Eg, ;)
and protein (lunch: 18.1 + 5.2%E ,.,; supper:
17.7 +£5.6%Eg,pper), Whereas breakfast and snacks were
characterized by high proportions of carbohydrates (break-
fast: 53.7 + 11.7%Eg,cakfasis SDACks: 61.9 + 12.2%Eq,, o)
In Spain, carbohydrate intakes were less than in the
other countries, especially at lunch (39%E, ,,.n), supper
(34%Eg,pper) and in snacks (55%Eg,,,)- In contrast, in
Spain, more protein-containing foods were consumed
at lunch (21%E ), supper (21%Eg,,,.,) and snacks
(12%Eg,,cks) than in most other countries. Greater amounts
of fat-containing foods were more often consumed in
Spain at all EOs and in Poland at breakfast (37%Eg,axfast)
and lunch (39%E, ;) than in the remaining countries.

The most frequently consumed food groups per EO are
presented in Table 3. Breakfast was characterized by high-
sugar-content products, milk products and cereals; snacks
had similar characteristics, but fruits and beverages were
often additionally consumed. Vegetables, cereals, fats and
meat were typically eaten at lunch and supper.

In Table 4, the frequency of skipping an EO is presented.
Morning snack showed the highest frequency of skipping.
Around 24% of dietary records reported no morning snack.
All other EOs showed only a small number of skipping.

Age trends are shown in Fig. 3. Predicted energy intake
at snacks decreased significantly from 26 to 22% from 3 to
8 years (p<0.001), along with a decreasing carbohydrate
intake (p <0.001). Predicted intake of energy from carbo-
hydrate at lunch increased significantly over time from 24 to
28% (p <0.001), whereas predicted intakes of energy from
protein and fat at breakfast decreased from 19° to 17% and

Carbohydrates
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Fig.2 Average macronutrient intake as percentage of total energy
intake per eating occasion (%EO) of children followed at 3, 4, 5,
6, and 8 years of age in Belgium (n=97), Germany (n=106), Italy
(n=201), Poland (n=126), and Spain (n=210). The dashed lines
indicate the mean of each eating occasion across all countries

from 19 to 16%, respectively (p <0.001). Numerical data to
all figures are presented in the Supplementary Tables 4, 5, 6
and 7. Sensitivity analyses yielded similar results, except for
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Table 3 Frequency of the five most often consumed food groups as percentage of total food groups at each eating occasion

Breakfast Morning snack Lunch Afternoon snack Supper

Food group %  Food group %  Food group %  Food group %  Food group %
High-sugar-content 31 High-sugar-content 22 Vegetables & vegeta- 17 High-sugar-content 30 Cereals 16

products products ble products products

Milk & milk products 30 Cereals 16 Cereals 16 Milk & milk products 16 Fats 16
Cereals 21 Beverages 14 Fats 16 Beverages 14 Milk & milk products 14
Fats 6 Fruits 14 Meat 11 Cereals 13 Meat 12
Beverages 5 Milk & Milk products 12 Milk & milk products 11 Fruits 11 Vegetables & vegeta- 12

ble products

Food groups and food items are listed in Supplementary online material—Table S1. Data of 2563 dietary records are used from 740 children at
3,4, 5, 6, and 8 years of age and from 5 countries (Belgium, Germany, Italy, Poland, and Spain)

Table 4 Frequency of skipping an eating occasion on all record days
based on total number of dietary protocols (Ncq=2563) of all

comprised subjects (N=740) and time points (3 to 8 years)

N protocol %
Breakfast 14 0.5
Morning snack 607 23.7
Lunch 3 0.1
Afternoon snack 40 1.6
Supper 3 0.1

energy intake at lunch and supper with significantly higher
intakes at later ages (p <0.0125; data not shown).

Boys and girls differed in energy and energy from macro-
nutrient intakes, with boys over all ages consuming on aver-
age 73.6 kcal more than girls. However, no relative differ-
ence was noticed at each EO (all p>0.05; data not shown).

Discussion

The time-related distribution of energy and macronutrient
intakes throughout the day of 740 healthy European chil-
dren followed from 3 to 8 years of age showed highest mean
energy intakes at lunch and supper. Breakfast and snacks had
high proportions of carbohydrates, whereas lunch and sup-
per were characterized by high-fat and protein intakes. Food
intakes changed with age, with lower intakes for snacks and
higher intakes for lunch and supper at later ages. No sex dif-
ferences between EOs were observed.

The average energy intake consumed in this study popu-
lation was in line with the recommended intakes (RI) for
energy and nutrients defined by the European Food Safety
Authority [28], except for total fat. For children aged 4 years
and older, a total fat intake of 20-35%E is recommended
[29, 30]. In the current cohort, total fat intake was at the
upper limit or above the recommended range. Fat intakes

@ Springer

above RI might contribute to a high-energy intake and to
promotion of weight gain and an increased risk of over-
weight and obesity [29]. In this study population, energy
intake from fat was highest during lunch and supper, where
particular opportunities for reducing or changing fat intake
may exist. Especially in Spain, fat %E was above the ref-
erence intake, and correspondently, carbohydrate %E was
at the lower end of the recommended range, which agrees
with result of another study examining Spanish children and
adolescents [31]. The Spanish diet as part of the Mediter-
ranean diet is usually characterized by high total fat intakes
with high consumption of olive oil and a low proportion
of saturated fats [32]. A Mediterranean diet supplemented
with olive oil or nuts was found to be beneficial for health
[33], and thus, the high fat intake Spanish children may not
be an indicator for an unhealthy eating pattern. Since the fat
profile was not examined, the present study does not support
conclusions about quality of fat intake.

The timing, frequency and kind of food consumed depend
on social and cultural aspects [9]. Furthermore, there is no
unique definition of what is considered a meal or a snack
[9, 34]. These aspects need to be taken into consideration
when results of time-varying food intake are compared. A
similar energy and nutrient (%E) distribution as in our study
was also reported in other reports on Spanish children and
adolescents [12] and Belgian adolescents [35]. However,
Belgian children observed in our study consumed foods at
lunch and supper of similar size. The different distribution
could be due to the different age groups studied. In other
countries not examined in our analysis, energy intake for
lunch was reported lower than for supper in New Zealand
[15,36] and USA [37].

Snacking in younger children was prevalent in our study
and contributed 24% of TEL. In other studies, snacking con-
tributed from 20 to 24% [35] to 30.5% [38]. Vatanparast
et al. [39] reported that younger children do not only snack
more frequently but also consume more energy at snacks
than adults. Snacking is an easy way for children to achieve
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energy balance. Young children have the highest energy and
nutrient requirements based on their body weight than in
any other phase of the lifespan [40]. Therefore, snacking
may help young children to meet their relatively high-energy
needs when gastric capacity is limited. The high carbohy-
drate portion at snacks (%Eg,,,) related to frequent con-
sumption of high-sugar-content foods observed in our study
population seems to be concerning; however, total carbohy-
drate intake (%E) is within the recommended intake ranges
of 45-60%E [30].

Although energy intake between girls and boys varied,
we found no proportional differences either in daily energy
intake or in the macronutrient distribution at each EO. Given
that the energy difference between girls and boys was larg-
est at 8 years of age, differences might evolve in older age
groups. However, other studies also observed no sex differ-
ences in time-varying energy intake [15, 41].

Skipping of an EO is usually determined through ques-
tionnaires [2] or dietary records [14, 42]. Breakfast skip-
ping in children was investigated in several previous studies,
and a wide variation in prevalence was observed [43]. The

Age in years

els adjusted for misreporting, total energy intake (TEI), country and
interaction of country, and TEI (for nutrients, TEI replaced by total
nutrient intake)

variation in prevalence is also influenced by different defi-
nitions of breakfast skipping. When comparing our results
with studies using a similar definition [3], breakfast skipping
in children tends to be low. The percentage of persons skip-
ping breakfast seems to increase in adolescence and adult-
hood [3, 14, 42].

Eating behaviour and macronutrient composition of
EOs by age have been reported. A cross-sectional study
performed in the UK showed similar energy and nutrient
intakes during the life course (children, adolescents, adults
and older adults) for breakfast [42]. Another cross-sectional
study in New Zealand children found a larger proportion of
daily energy intake during evening and a smaller propor-
tion during afternoon in older children (11-14 years) com-
pared to younger children (5-10 years) [15]. However, to
our knowledge, age trends in a longitudinal setting and with
the use of inferential statistics have not been examined. The
decreased snack intake at later ages might be in line with
decreased energy requirements based on body weight where
less-frequent intakes are needed and more is eaten at main
meals. Additionally, we found statistically significant results
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for breakfast (protein and fat); the effect sizes over time are
small (e.g., mean predicted values vary from 3 to 8 years
between 2 and 3 percentage points) indicating relatively sta-
ble eating habits over time.

Strength and limitations

The strength of this study is its longitudinal design with a
follow-up of children from 3 to 8 years of age. This design
enabled us to study between and within subject variation.
For data collection, 3-day weighed dietary protocols fol-
lowing standardized procedures were used, which allowed
for a more accurate description of dietary intake than other
methods. Furthermore, the present study comprised children
from five European countries which increased the external
validity of the study results and allowed studying cultural
variation of eating habits. On the contrary, different cultural
eating habits and time slots for typical EOs were challeng-
ing to standardize. All EOs were named the same for each
country, although actual time points of the consumed meal
might differ greatly. These standardisations were necessary
for data analysis, but might hamper comparison between
countries and eating pattern.

Conclusion

The present study examined diurnal energy and energy from
macronutrient intakes from early childhood to school age
and revealed additional insights in the eating behaviour of
children. Food was consumed regularly throughout the day
and size of EOs seemed to be relatively stable at each age
with highest intakes at lunch and supper. Possibly unhealthy
EOs with high-fat intakes at lunch and supper and high-
sugar-content foods at breakfast and snacks were observed,
which may indicate potential for intervention. Practical
approaches for a healthier diet may be achieved by substitut-
ing high-sugar-content foods with fruits, and by increasing
the vegetable consumption at lunch and supper. Future stud-
ies should consider taking more detailed characterization
of diet quality and critical nutrients across eating occasions
into account.
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Abstract: Meal timing is suggested to influence the obesity risk in children. Our aim was to analyse
the effect of energy and nutrient distributions at eating occasions (EO), including breakfast, lunch,
supper, and snacks, on the BMI z-score (zBMI) during childhood in 729 healthy children. BMI and
three-day dietary protocols were obtained at 3, 4, 5, 6, and 8 years of age, and dietary data were
analysed as the percentage of the mean total energy intake (TEI; %E). Intakes at EOs were transformed
via an isometric log-ratio transformation and added as exposure variables to linear mixed-effects
models. Stratified analyses by country and recategorization of EOs by adding intake from snacks to
respective meals for further analyses were performed. The exclusion of subjects with less than three
observations and the exclusion of subjects who skipped one EO or consumed 5% energy or less at
one EO were examined in sensitivity analyses. Around 23% of the children were overweight at a
given time point. Overweight and normal-weight children showed different distributions of dietary
intakes over the day; overweight children consumed higher intakes at lunch and lower intakes of
snacks. However, no significant effects of timing of EOs on zZBMI were found in regression analyses.

Keywords: chrono-nutrition; overweight; eating pattern; compositional data analysis; children;
macronutrients; energy; meal timing

1. Introduction

Childhood obesity is a major public health concern with detrimental consequences for
health and wellbeing [1,2] whereby diet is a decisive and modifiable factor contributing to
obesity. Childhood represents an age when food preferences and dietary patterns develop,
and hence, it is a time window with particular preventive potential [3,4].

Increasingly, it has been reported that not only what and how much is eaten, but
also when food is eaten may matter. Chrono-nutrition refers to this hypothesis and is
based on the interaction between biological rhythms, temporal eating patterns, and its
influence on metabolic health [5,6]. The hypothesis is driven by the assumption that
food intake at different times of the day may have beneficial or detrimental effects on
weight and other health conditions [7,8]. In particular, higher food intake at supper [9]
or evening/night snacks have been associated with adverse effects on weight status in
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children [10,11], whereas the contribution of breakfast to TEI was reported to have neutral
effects [12]. Higher food intake at lunch was associated with a lower overweight risk [13].
Only limited data from studies in children and adolescents investigating the effects of
the time of macronutrient intake are available. One study found that lower proportions
of nutrients in the afternoon and evening are associated with a lower body weight [10],
whereas another study found that low fat and high carbohydrate (CHO) intake in the
morning are associated with a higher body fat mass index [14].

A systematic review by Almoosawi et al. [7] examined the effects of the time of day
of energy intake and obesity and concluded that further studies are needed to establish a
potential association. Specifically, studies are needed which examine simultaneously all
EOs throughout the day, as other EOs may affect the intake at one EO. Previous studies
examined different EOs throughout the day but analyzed only one EO at a time with respect
to being overweight/obese in regression analyses [12], probably due to collinearity issues
between EOs. Thus, we propose compositional data analysis, which is widely used in other
disciplines (e.g., geology) but is rarely used in nutritional epidemiology [15]. Compositional
data analysis is specifically designed to simultaneously analyze the effects of different parts
of a total (here: parts are intakes at EOs which add to the TEI) on an outcome. A further
asset of compositional data analysis is the possibility to disentangle the effects of meal
timing from the total energy or nutrient intake, and thus, may reveal estimates that are
more accurate. By compositional data analysis, we are able to examine the effect of meal
timing by shifting energy or energy from nutrients from one EO to another. For instance,
for a given TEI, how is the BMI affected if more energy is distributed to supper and less to
the remaining EOs?

The aims of the following study are, firstly, to describe the time-of-day energy and
energy from nutrient intakes (CHO, protein, and fat) in relation to being overweight in
European children aged 3 to 8 years. Secondly, we aim to examine the effect of meal timing
by analyzing the (re-) distribution of energy and energy from nutrients throughout the day
(breakfast, lunch, supper, and snacks) on zBMI in a longitudinal study.

2. Materials and Methods
2.1. Study Design and Population

This analysis was based on data from the Childhood Obesity Project Trial, a random-
ized controlled trial that recruited 1678 healthy, full-term infants in the first 8 weeks of
life from 2002 to 2004. The aim of the intervention was to examine the effect of different
protein content in infant formula consumed during the first year of life on later obesity
risk [16,17]. An observational arm of breastfed children was also included in the study. The
infants were recruited in Belgium, Germany, Italy, Poland, and Spain. Legal guardians of
the participating infants provided written informed consent prior to study enrollment. For
the analysis of this paper, data from the follow-up visits performed during 2005 to 2012 at
the ages of 3, 4, 5, 6, and 8 years were used. The trial was conducted in accordance with
the Declaration of Helsinki, approved by the ethical committee from each study site, and
registered at clinicaltrials.gov (NCT00338689).

2.2. Dietary Assessment

Parents or caretakers provided weighted and estimated dietary records over three
consecutive days (2 weekdays and 1 weekend day). Food and leftovers were weighed
using food scales (Unica 66006; Soehnle, Murrhardt, Germany). If weighing foods was not
possible, an atlas with food pictures was used to support estimations of portion sizes.

Dietary records were entered in a database specifically created for this study, with
data mainly based on the German food composition database BLS 2.3 (Bundeslebensmit-
telschliissel). When necessary, the database was enriched by information from product
labels, manufacturers, or national food databases of participating countries. Nutritional
values of products were updated to BLS 3.01 for analysis. Trained dieticians discussed open
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issues in protocols with participants and executed quality checks of the collected dietary
records following standard operating procedures.

An EQ is defined as any occasion where food or beverages are consumed. Predefined
categories with typical country-specific time slots were used for this study to enter protocol
data according to the following EOs: breakfast, lunch, and supper for meals as well as
morning, afternoon, and evening for snacks. Country-specific differences in times of EOs
between weekdays and weekends were considered.

The misreporting of energy intake was calculated by comparing individual cut-offs
with the ratio of reported energy intake to estimated energy requirements [18]. Dietary
records were assumed to be implausible when the individual ratio fell below or above these
cut-offs, but were not excluded from the analysis as previously recommended [19].

2.3. Anthropometric Measurement (Outcome)

At each time point, weight and height were measured twice while wearing only light
clothes following standard operating procedures based on the WHO growth reference
study [20]. Measurements were performed using the same weight scale (SECA 702) and
stadiometer (SECA 242) at each study site. Body mass index (BMI = weight (kg)/height
(m)?) was calculated and standardized for age and sex (zBMI) according to the WHO
reference population [20,21]. Children were classified as overweight or obese according
to the cut-offs defined by the International Obesity Task Force (IOTF) [22]. The IOTF, in
contrast to the WHO, provide a coherent cut-off for the entire observation period from 3 to
8 years.

2.4. Statistical Analysis

Anthropometric and/or dietary data were obtained at 3, 4, 5, 6, and 8 years of age.
All subjects with measurements for both anthropometric and dietary data were added
from each observation time point. From the total number of observations, all children with
at least one out of five observation time points were included in the analysis. TEI and
energy intake at each EO were calculated as the mean daily intake (kcal/day) of all valid
protocol days. Proportional intakes (%E) at EOs were calculated as the respective intake
(kcal) of the EO towards TEI Data are presented as arithmetic means (standard deviation)
for continuous variables and as counts (%) for categorical variables. Compositional data
are displayed with geometric means and a variation matrix.

Meal timing was analyzed by compositional data analysis. Compositional data analy-
sis applied to health research is described elsewhere [23-25]. Briefly, the basis of composi-
tional data analysis is that several parts of a total are examined concurrently. In this study,
the parts are the proportional intakes at EOs in which parts add to 100% of the mean daily
TEI and total CHO, protein, and fat intake, respectively, recorded at a particular age and
study visit. Furthermore, the total sum (here: TEI or total CHO, protein, and fat intake,
respectively, as 100% or 1) is fixed, which is practical as we do not want to investigate the
increase in TEI or nutrient intake on BMI as in usual regression analyses. Instead, we want
to investigate the shift in intake at EOs through the day for a given TEI or nutrient intake.
Both the fixed sum and the collinearity between parts imply that the compositional data
need to be transformed to be used in linear regression analysis. Firstly, the ratio between
parts needs to be calculated. This is performed by sequential binary partitioning (SBP),
which splits parts of a composition step-by-step and in a hierarchical manner in smaller
groups. The SBP for each EO at first rank is displayed in Table 1.
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Table 1. Sequential binary partitioning of a four-part composition (breakfast, lunch, supper, and
snacks) with each eating occasion at first rank.

Partition Breakfast Lunch Supper Snacks
1 Breakfast: mean (lunch,  Lunch: mean (supper, Supper: mean (snacks, Snacks: mean (breakfast,
supper, snacks) snacks, breakfast) breakfast, lunch) lunch, supper)
2 Lunch: mean (supper, ~ Supper: mean (snacks, Snacks: mean Breakfast: mean (lunch,
snacks) breakfast) (breakfast, lunch) supper)
3 Supper: Snacks Snacks: Breakfast Breakfast: Lunch Lunch: Supper

Only the first partition includes the relevant information to examine the effect of the
EO of interest, however the other partitions are needed to include the co-dependence
between parts. Secondly, all partitions are transformed into new variables (coordinates) via
isometric log-ratio (ILR) transformations. The rationale and the process of how to perform
compositional data analysis are described in detail in the Appendix A.

The ILR coordinates are calculated by means of logarithm. This implies that the not
consumed EOs (so-called zero values) of any dietary record have to be either discarded (the
complete dietary record) or the EOs with zero values need to be adapted. Most of the zero
values were present in snacks, especially during evenings. Therefore, intakes from snacks
during the morning, afternoon, and evening were amalgamated to one EO (snacks). For the
remaining zero values (1 = 39) the parametric robust expectation maximisation algorithm
was applied as recommended [26]. Zero values were replaced for each observation time
point without distorting the ratio between parts.

Linear mixed-effects models were used to estimate the effects of different distributions
of energy and macronutrient intakes throughout the day on zBMI. Mixed-effects models
enable the estimation of variables with repeated measurements and allow for missing
values at observation time points. Individual regressions were estimated for each set of ILR
coordinates (exposure) with the zZBMI as the outcome. Each regression contained subject-
specific random intercepts and random slopes over age with a piecewise linear spline (knot
at 6 years). Relevant covariates were chosen by backwards selection and likelihood ratio
testing. This resulted in parental BMI, country, TEI, misreporting as recommended [27],
and an interaction term between TEI and country. Further covariates were considered
(smoking during pregnancy, sex, intervention type, and parental education), but none of
those increased the model fit. Two sub-analyses for each EO were carried out. Firstly,
analyses were stratified by country to better account for differences in daytime of the meals.
Secondly, EOs were recategorized to examine snack intake in a time-dependent way. For
this, the intake from snacks were added to the respective intake from meals and the new
EOs resulted in morning (breakfast + morning snack), afternoon (lunch + afternoon snack),
and evening (supper + evening snack).

The recategorized EOs were used to calculate “eveningness” as termed by Diederichs
et al. [28]. “Eveningness” was calculated as the difference between evening and morning
intake for energy and energy from nutrients. However, we expressed “eveningness” in
percentage points (pp):

“Eveningness” (pp) = intake at evening from total intake (%)—intake at
morning from total intake (%)

The analyses were further evaluated by performing sensitivity analyses including only
subjects with at least 3 out of 5 observation time points and by the exclusion of subjects who
skipped an EO or consumed very little at one EO (EO with 5% of the TEI or less). Residuals
and influential observations were checked graphically, and a few influential observations
were removed from the analysis (1 = 13). All analyses were performed using RStudio [29]
version 4.04 in addition with the statistical packages “Ime4”, “robCompositions”, and
“zCompositions”. Results were considered as significant if p < 0.05.
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3. Results

Data were available for 729 healthy children (53% girls) with 2487 observations (Fig-
ure 1). Most children were recruited in Spain (29%), followed by Italy (27%), Poland (17%),
Germany (14%), and Belgium (13%). Children participated on average in 3.4 out of 5 follow-
up visits, with 32% of children participating in all 5 follow-up visits. The portion of children
who participated in the majority of visits (more than 3 visits) was lower if their parents had
a low education level. Half of the parents whose children participated in this study have
an intermediate level of education. Dietary records were provided for a mean of 2.9 days.
In total, 13% of all records were classified as under-reported and 12% of the records as
over-reported. The dietary records of overweight children were more often under-reported
(37% in overweight children, 9% in normal-weight children) and less often over-reported
than the dietary records of normal-weight children (3% in overweight children, 13% in
normal-weight children). In 45% of the children, at least one parent was overweight or
obese, and in 20% of the children, both parents were overweight or obese. The highest
number of overweight children as a percentage of the total number of children in each
country were seen in Italy and Spain (18% each), followed by Poland (15%). Smoking
during pregnancy was observed in 28% of all children with the highest numbers in Poland
and Spain (34% each).

Follow-up at 3 years

Children with data for
Weight & height (n = 744)
Diet (n = 571)

Children with data for 516 children with
Weight & height (n = 674) c | h ic
Diet (n = 533) and dietary data

541 children with
complete anthropometric
and dietary data

Follow-up at 4 years l

Follow-up at 5 years l

Children with data for
Weight & height (n = 653)
Diet (n = 489)

476 children with
complete anthropometric
and dietary data

| Follow-up at 6 years I

Children with data for
Weight & height (n = 660)
Diet (n =525)

515 children with
complete anthropometric
and dietary data

l Follow-up at 8 years I

Children with data for 439 children with
Weight & height (n = 589) complete anthrop ic
Diet (n = 446) and dietary data
Study population
2,487 observations from 729 par

Figure 1. Number of participating children with available data for anthropometric and/or dietary
data obtained at 3, 4, 5, 6, and 8 years of age. Children with measurements for both anthropometric
and dietary data were added from each observation time point (n = 2487), resulting in 729 children.
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Table 2 describes the study population with anthropometric and dietary data by
age. The children in this study population were slightly heavier than the WHO reference
population (zBMI > 0). Approximately 23% of the children were overweight, and around
6% of the children were obese (highest at 6 years: 6%, lowest at 4 years: 2%) at a given
time point. Food intake (kcal/day) increased with age, but food intake in relation to body
weight (kcal /kg/day) declined with age. The composition of food intake (CHO, fat, and
protein) remained constant with age.

Table 2. Description of study population from age 3 to 8 years.

Age in Years 3 4 5 6 8 Overall
(n = 541) (n =516) (n = 476) (n =515) (n =439) (N =729) *
BMI (kg/m2) 16.0 £ 1.3 159+ 14 159 + 1.7 16.0 + 2.0 169 + 2.7 16.1 +1.9
zBMI 03+1.0 04+1.0 04+1.0 04+12 04+12 04+1.1
Overweight **, N *** (%) 52 (9.6) 62 (12) 68 (14.3) 85 (16.5) 99 (22.6) 366 (14.7)
Energy (kcal/day) 1202 + 237 1307 + 235 1374 + 249 1454 + 250 1568 + 285 1374 + 279
kcal/kg/day 825+ 17.7 782 £ 16.0 72.0 = 15.7 67.2 £ 14.0 56.6 = 13.5 719 £179
Carbohydrate (%E) 504 +7.7 50.0 £ 7.0 502472 50.3 £ 69 490+ 7.0 50.0 £ 7.2
g/day 149.2 + 443 160.1 £+ 35.8 171.2 £ 435 183.0 £+ 43.3 192.2 £49.0 170.3 £+ 45.8
g/kg/day 103 £ 34 96 +24 9.0 +26 85+23 69+ 21 89 +28
Protein (%E) 153 £ 3.0 15.0+29 149 £ 29 149 + 2.6 152+ 28 150+ 2.8
g/day 449 +11.6 48.0 +12.3 50.5 +12.8 540+ 125 59.5 + 14.6 51.1 +13.6
g/kg/day 31+08 29408 26+0.7 25+06 21+06 27+08
Total fat (%E) 343 +6.2 349 +58 349 +57 348 + 5.6 35.8 £ 5.8 349 4+ 58
g/day 450+ 124 50.1 £13.1 52.8 £ 134 56.3 £ 13.6 62.7 + 16.6 53.0 £ 15.0
g/kg/day 31+09 30+08 28+08 26+07 23+07 28+08

Values are presented as arithmetic mean + standard deviation or as otherwise indicated. * In total, 729 subjects
with 2487 observations. ** According to the cut-offs from the International Obesity Task Force [22]. *** Number
of observations. Abbreviations: BMI = body mass index; zBMI = body mass index z-score; %E = energy from
nutrients in percentage from total energy intake.

The variations at EOs were estimated as a variation matrix, with values close to 0
indicating a high proportionality/co-dependence between ratios. The highest propor-
tionality was observed between lunch and supper, and the lowest proportionality was
observed between snacks and supper for energy and energy from nutrients (Supplementary
Material—Table S5). The average eating frequency per day (foods and beverages excluding
water and unsweetened tea) declined from 5.8 to 5.1, while the average frequency of snacks
declined from 3.1 to 2.3 from 3 to 8 years of age. The number of children with an average
snack frequency of more than three snacks per day decreased from 21% to 5% in the same
age range.

The distribution of energy and nutrient intakes according to EOs averaged by age is
shown in Figure 2A. Most energy intakes were consumed at lunch, followed by snacks,
supper, and breakfast. Protein and fat intakes were mostly consumed at lunch, followed by
supper, whereas most of CHO intakes were consumed with snacks. Overweight children
consumed higher intakes of total energy, protein, and fat than normal-weight children and
consumed proportionally higher energy intakes at lunch and less at snacks (Figure 2B).
Similar differences in the proportional intakes at EOs between overweight and normal-
weight children were seen for energy from nutrients.
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A Distribution of energy and energy from nutrients from total intake (%) at eating occasions
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Figure 2. Distribution of energy and macronutrients by eating occasion, evening preference (“evening-
ness”), time, and overweight status of 729 children. (A) Average distribution of energy and nutrient
intake as a percentage of the total intake at eating occasions; (B) Average energy intake at each
eating occasion and age stratified by weight status. (C) Average eveningness 5 in percentage points
(pp) stratified by weight status (mean + standard deviation). § Difference in percentage intake
between evening (supper + evening snack) and morning (breakfast + morning snack). Weight status
was defined for normal-weight and overweight children according to IOTE. All analyses were per-
formed in children aged 3 to 8 years (overweight children: ngpservations = 366, normal-weight children:

Ngbservations = 2121).

If the intake from snacks were added to the intake from respective meals with the EO
categories morning, afternoon, and evening, most foods were consumed in the afternoon
(46%E =+ 9), followed by the evening (27%E =+ 9) and morning (26%E =+ 8). The intakes
for energy from protein and fat followed a similar distribution, whereas energy intakes
for CHO were larger in the morning (29%E) compared to the evening (24%E). A higher
“eveningness” (difference between evening and morning intake) was observed for protein
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and fat intakes, whereas energy intakes were similar, and CHO intakes showed a negative
“eveningness”. However, the variations in energy and energy from nutrients were large in
both weight groups (Figure 2C).

The results of the regression analysis on the effects of meal timing, expressed by
the distribution of energy and energy from nutrients over the day in EOs on zBMI, are
depicted in Table 3. The interpretation of the 3-estimates estimated by compositional data
analysis is different from usual regression analyses. The compositional data analysis split
the exposure variable into co-dependent parts that are interpreted concurrently, whereas
in usual regressions, only one exposure variable is interpreted at a time. Specifically, the
ratio between EOs is interpreted. The p-estimates of the ILR coordinates applied to our
results are interpreted as follows: For a given TEI, the redistribution of energy intake
with an increase in energy at breakfast as compared to the other EOs was not significantly
associated with zZBMI ( = —0.02; p > 0.05). Similarly, the redistribution of energy with
an increase at lunch, supper, or snacks compared to the remaining EOs and a given TEI
were not significantly associated with zBMI (p > 0.05). Furthermore, results of different
distributions of energy from nutrients throughout EOs were not statistically significant, as
well as all sensitivity analyses (Supplementary Materials Tables S1 and S2). Stratification
by country and reorganizing EOs to examine snacks in a time-dependent manner revealed
no significant effects (Supplementary Materials Tables S3 and S4).

Table 3. Regression results of ILR coordinates against body mass index z-score from age 3 to 8 years
(N =729 children).

Energy Carbohydrate Protein Fat
ILR *
B SE p-Value B SE p-Value B SE p-Value B SE p-Value
Breakfast ~ —0.02  0.02 0.429 -0.01  0.02 0.493 0.00 0.02 0.957 -0.02  0.02 0.192
Lunch 0.00  0.03 0.945 0.01 0.02 0.747 0.00 0.02 0.942 0.00 0.02 0.825
Supper 0.01  0.03 0.616 —0.00 0.02 0.864 -0.01  0.02 0.577 0.03 0.02 0.123
Snacks 0.01  0.02 0.677 0.01 0.02 0.580 0.01 0.02 0.472 -0.01  0.01 0.380

Estimates were based on linear mixed-effects models which contained a subject-specific random intercept and a
slope for age. The random slope is estimated by piecewise linear splines with a knot at 6 years. The analysis was
adjusted for each set of ILR coordinates, parental BMI, misreporting, country, total energy intake, and interaction
between country and total energy intake. * ILR coordinates refer to the mentioned eating occasion in relation to
the geometric mean of the remaining eating occasions. Abbreviation: SE—standard error.

4. Discussion

In this large study evaluating the data from 729 healthy children aged 3 to 8 years
from five European countries, children who are overweight consumed more energy than
children with normal weights and also had a different intake distribution during the
day, with higher intakes at lunch and fewer intakes of snacks. Despite these differences
between normal-weight and overweight children, no statistically significant differences
in weight status were seen for intakes with any EO. Thus, the distribution of energy and
macronutrient intake over the day had no significant impact on weight status in children.

We found overweight children to consume proportionally lower intakes with snacks
and higher intakes with lunch than normal-weight children. A similar pattern was also seen
in French children aged 3-6 years and 7-11 years, but with significant differences in snack
and main meal contribution only in older children [12]. A possible explanation for this
pattern in overweight children might be that access to snacks is limited and /or consumption
of snack foods is restricted due to parental concerns, as reported previously [30]. It has been
suggested that healthy snacks, defined as nutrient dense and with a low energy density,
during the mid-morning and mid-afternoon promote appetite control and may prevent
overeating at the following meal [31,32]. However, shifting more energy or energy from
nutrients to snacks and less to meals did not affect zZBMI in children, as implied by our
regression analyses.
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The timing of food intake and its distribution throughout the day have been examined
in this study, without appreciable effects of timing of energy or macronutrient intakes on
BMI in children. Some studies found associations of meal timing with weight status in
children [10,11,13,33], but another study did not [34]. Comparisons with other studies are
difficult since we used an entirely different methodological approach. Furthermore, no
generally agreed definition exists on how to determine a meal or a snack [7,30,35], which
further limits comparisons.

Our study population exhibited a regular eating pattern where the skipping of meals
was rarely seen, as previously shown [36]. A systematic review suggested that the skipping
of meals, especially breakfast, is negatively associated with being overweight in chil-
dren [37]. Meal skipping was also negatively associated with children’s diet quality [38,39].
Thus, the more regular eating patterns of our study population may have contributed to
the absence of an association of EO timing with BMIL

The chronotype of individuals might influence the timing of food intake. A chronotype
is defined as an individual’s circadian preference/phenotype and is classified as a morning
or evening chronotype [8]. Studies in children are limited, but studies in adolescents
and adults showed that individuals with an evening chronotype prefer to eat later in the
day [40]. Although we have not assessed the chronotype of the study participants, our
results showed a similar evening and morning ratio for energy, which might indicate that
few children exhibit an evening chronotype. The chronotype in children generally tends to
be early and shifts to later times in adolescence [41]. An evening chronotype was associated
with more frequent breakfast skipping [40] or less fruit and vegetable consumption [42],
both being associated with a higher weight status [43]. Thus, it is possible that the relatively
low degree of “eveningness” in our study could have influenced our results.

Randomized controlled clinical trials and observational studies in overweight adults
have shown the timing of food intake to modify weight-loss effectiveness. For instance,
overweight and obese women have lost significantly more weight if an evening meal
was consumed at earlier compared to later times [44] and if lunch was consumed earlier
compared to later [45]. Possible mechanisms which may explain the timing of food intake
as a risk factor for being overweight or weight-loss effectiveness are circadian rhythms [5,6].
Briefly, the circadian timing system is responsible for daily biological rhythms and syn-
chronizes physiological and behavioural aspects to the outside world. External cues, such
as the light-dark cycle or timing of food intake, provide signals to entrain the circadian
clocks. It has been suggested that the timing of food intake aligned to the circadian rhythms
of metabolic processes may be beneficial for health. For instance, it has been shown that
insulin and glucose exhibit a circadian rhythm, with a decrease in insulin sensitivity and
glucose tolerance during the day and a nadir in the evening [46,47]. A further factor might
be diet-induced thermogenesis, which is not only affected by the nutrient composition of
meals but was also found to be higher in the morning than in the evening [48,49]. These
factors might contribute to potential untoward effects of higher evening intakes on weight
status in adults, whereas no such evidence is available in children.

The present study benefited from the longitudinal study design with five years of
follow-up, which allowed for examining between and within differences in a large number
of study participants. Furthermore, the inclusion of children from five European countries
enhances the generalizability of our study findings and the use of 3-day weighted dietary
records allowed for a more accurate description of dietary intake than other methods.
Another strength of our study is the applied compositional data analysis by taking into
account EOs of an entire day concurrently. In addition, compositional data analysis has
the benefit to disentangle the effects of meal timing from TEI, which allowed for a compre-
hensive isocaloric analysis. These results add to the limited understanding between meal
timing and overweight in children.

One of the limitations of this study is that EOs were analyzed in categories (breakfast,
lunch, supper, and snacks) which allowed for comparing and analysing EOs between
countries. However, the timing of EOs may vary between countries, which could not be
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considered in the analysis. We tried to counteract the limitation by stratified analyses for
each country. Another limitation is that we could not perform a detailed analysis of snack
intakes by time of day because many children did not consume snacks, particularly in
the evening, but also during mornings. However, we examined snacks in a time-related
manner by summarizing meals and snacks combined into morning, afternoon, and evening.
A further limitation of this study is a potential social desirability bias during data collection,
suggested by the lower snack intake and the lower number of possible under-reporting
of TEI in overweight compared to normal-weight children. The social desirability bias
describes a behaviour in which an individual reports selected foods or beverages due to
societal beliefs or norms to act in favour of the researcher [50]. We tried to minimize this
bias by including misreporting as a covariate in all regression analyses.

Further studies examining the relationship between meal timing and obesity might
also take the chronotype of each child into consideration. Studies in adults have shown
that the chronotype influenced the effect between meal timing and being overweight [51].
The development of consistent and broadly agreed definitions on how to define a meal
and a snack would be most helpful to enable comparisons of the respective results from
different studies and to strengthen conclusions.

5. Conclusions

This study described the diurnal differences in energy and nutrient intakes in over-
weight compared to normal-weight children, with proportionally lower reported intakes at
snacks and higher intakes at lunch in overweight children. The timing of meals and snacks
did not influence the weight status in the total population of children. These data do not
provide a basis for approaches to reduce the obesity risk in children based on the shifting
distribution of dietary intakes across EOs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14204356 /51, Table S1: Regression results of ILR coordinates
of EOs against body mass index z-score including only subjects with at least three observation
time points; Table 52: Regression of ILR coordinates against body mass index z-score excluding
subjects with intakes of 5% or less of the total intake at an eating occasion; Table 53: Regression of
ILR coordinates against body mass index z-score stratified by country; Table S4: Regression of [LR
coordinates for morning (breakfast + morning snack), afternoon (lunch + afternoon snack), evening
(supper + night snack), and ratio of evening and morning intake (“eveningness”) against body mass
index z-score; Table S5: Mean and pair-wise variation of eating occasions for energy and energy from
nutrient intake in children aged 3 to 8 years.
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Appendix A
Compositional Data Analysis and Calculation of ILR-Coordinates

Dietary data are typical examples of compositional data because the contribution
of dietary nutrients depends on each other, and they sum to the TEIL Nutrients are not
consumed isolated, and a variation in one nutrient likely leads to variations in further
nutrients. Likewise, the size of a meal depends on the size of the previous meal and/or if a
snack was consumed between meals. This correlation between nutrients or meals induces
collinearity between parts when analyzed as independent variables in regression analyses
simultaneously. Due to the collinearity between independent variables, it is difficult to
measure the influence of individual variables on the outcome which may lead to unstable
and inaccurate coefficients [23].

Compositional data is best analyzed by expressing the composition with a set of
logarithmized ratios (log ratio) [52]. The log ratio approach is an established method in
many scientific disciplines (e.g., geology). Dumuid et al. [24,53], Corréa Leite et al. [15], and
Chastin et al. [25] have described in detail the log ratio approach for use in health research
and nutritional epidemiology. Briefly, a composition is a set of parts which sum to a whole.
For instance, energy intake at breakfast, lunch, supper, and snacks are a composition of
four parts and sum to the TEL The composition is analyzed as a ratio, which highlights the
relative nature of the parts (each part as a proportion of the TEI). Consequently, if one part
of a composition increases, the other part(s) need to decrease to keep the sum constant. This
dependence between parts and the constant sum assumption imply that the composition is
constrained, but regression analyses are typically conducted in unconstrained real space in
which each part can vary freely. Thus, the composition needs to be transformed into real
space, which is performed using a specific set of log ratios, namely the isometric log ratio
(ILR) coordinates. The derivation of the ILR was described elsewhere [15,24].

Compositional data analysis in the present study has the following properties: Firstly,
it is possible to analyze all EOs simultaneously without biasing the coefficient due to
collinearity. Secondly, the transformed variables of interest are independent from the TEI
and enable us to disentangle the effect of meal timing from the effect of the TEI. Thirdly,
the generic effect of the TEI on the outcome is considered. Further methods in nutritional
epidemiology are available to deal with appropriate considerations of the TEI, such as
the residual method [54]. However, to our knowledge, none of these methods include
appropriate adjustments of the TEI and additionally deal with perfect multi-collinearity.

The ILR coordinates were calculated based on an orthonormal basis. A widely used
approach to generate the basis is sequential binary partitioning (SBP) [55], which splits
parts of a composition step-by-step and in a hierarchical manner into smaller groups. An
example of a SBP with breakfast at first rank is given in Table Al. In a first step, the
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composition is split in two groups that will form the parts of the ratio. Parts, which belong
to the first group, are coded as 1, and parts which belong to the second group are coded as
—1. This leads to the first partition. In a second step, one of the two groups in step one is
further split into two new groups. The parts, which belong to the first group, are coded
as 1, and parts which belong to the second group are coded as —1. Parts, which do not
belong to one group at that order are coded as 0. The second step results in the second
partition. This procedure is continued until a subgroup consists only of one part. Formally,
a composition D is split in (D-1) parts.

Table Al. Sequential binary partition of a four-part composition with breakfast at first rank.

Partition Breakfast Lunch Supper Snacks Ratio
1 1 i 1 1 Breakfast: mean (lunch,
supper, snacks)
2 0 1 =1 =1 Lunch: mean (supper, snacks)
3 0 0 1 -1 Supper: Snacks

1: Part is assigned to the first group; —1: part is assigned to the second group; 0: part is not involved in the
partition at that order.

The partition is in the next step transformed into an ILR coordinate for each of the
(D-1)-dimensional partitions presented using the following formula [52]:

o (r*s) i - B
ILR'_—(r+s)ln<g(yj))'f0“ T con D=1

e rand s, respectively, are the number of parts in the first (coded as 1) and second group
(coded as —1) at each order of the partition;
y; is the proportional intake (coded as 1);
g(y;) is the geometric mean of the components of y, forj=i+1, ..., D (geometric
mean of the components coded as —1).

We used an SBP in which the first partition group consist of only one (so-called pivot
coordinate [56]). The advantage of pivot coordinates is that the first coordinate contains all
the relevant information of the first part (here: breakfast) compared to the remaining parts
which facilitate interpretation. All remaining coordinates are included in the regression
analysis as covariates to consider the co-dependence between EOs. Inference of the other
parts of the composition (lunch, supper, and snacks) is received by changing the hierarchical
order of the composition. Thus, SBP was conducted four times, with each time a different
EO at first rank, and each SBP resulted in three pivot coordinates. A set of pivot coordinates
was defined as consisting of one SBP with resulting coordinates.
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Abstract: We aimed to investigate the eating frequency (EF) in children over age, and examined the
influence of country, sex, feeding mode and weight status on EF. We used the dietary data of the
Childhood Obesity Project, which comprised European children from five countries. Dietary data
of 3-days weighed and estimated records were available monthly from 1 to 9 and at 12-, 24-, 36-,
48-, 60-, 72- and 96-months old. Generalized additive mixed effects models were used to estimate
EF trajectories with EF as outcome and applying age splines. Additionally, the models were further
adjusted for country, feeding mode, sex or weight status. Data from 1244 children were analysed. EF
was highest at 1 month with on average 7.3 £ 1.9 feeds per day, and fell to 5.1 + 1.1 eating occasions
at the age 96 months. Night feeding was similarly often than day feeding at 1 month but declined
thereafter. Significant differences in EF were observed between countries (p < 0.05), with the highest
EF in Poland, and between infant feeding modes, with a higher EF in breastfed than non-breastfed
infants (p < 0.05). Sex and body weight were not associated with EF. Despite the importance of EF
towards total energy intake, no association with weight status was found.

Keywords: eating frequency; feeding frequency; formula feeding; infants; children; eating behavior;
overweight; meal; snack; time-of-day

1. Introduction

Eating behavior typically includes the amount as well as the type of foods and bever-
ages consumed. However, eating frequency (EF) as the third component of eating behavior
is less frequently examined [1]. Recently, more studies have examined EF because it seems
to affect appetitive, digestive and metabolic processes [2], and thus may influence health
and wellbeing.

The eating pattern of adults typically consists of three main meals and one to two
snacks per day [3]. In children and infants, such a structured eating behavior is less well
established. EF is expected to change throughout childhood, along with marked changes
of development and dietary needs: infants receive either breastmilk or formula, along
with complementary feeding introduced usually between the 4th and 6th month [4]. At
around 12-months-old, children are able to eat similar type of foods to the other family
members [5]. With increasing age, infants and children acquire added motor, cognitive,
social and language skills which may influence EF. For instance, motor skills enable the
child to eat without further major help from the 2nd and 3rd year of life onwards. With
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increasing age, children are more interested in peers and want to be similar to them, which
can affect eating behavior [6].

Few studies have examined the EF in infants and children. The available studies
focus on specific eating occasions (EO) such as snacking [7-9]. However, to study regular
habits, EFs of the whole day are needed. In addition, many studies in infants and children
comprise of short observation periods or are of cross-sectional design [10-12]. Since the
eating behavior of young children is likely to track into older ages [13] it is important to
examine the longitudinal effects of the EF during the whole day, ideally prospectively from
infancy to childhood.

It is not known whether factors such as sex or cultural differences influence EF. Data
on associations of EF with weight status in children are inconsistent. A meta-analysis of
cross-sectional studies in children and adolescents concluded that further longitudinal
studies are needed [14]. It has been suggested that infant feeding mode (breastfed vs.
non-breastfed) may influence the eating behavior in infants [15], but data are limited.

In this prospective longitudinal study, we studied the EF of European children during
the age from 1-to-96-months-old. We aimed to examine the EF trajectory evolution with age,
during the time-of-day, and potential associations with infant feeding mode (breastfeeding
vs. non-breastfeeding), sex, country of residence and weight status.

2. Methods
2.1. Study Design and Population

This analysis used dietary data collected as part of the Childhood obesity Project
(CHOP) initiated as a double-blinded randomized controlled trial to test the effects of
early protein intake on growth and later obesity risk. Some 1678 healthy, singleton infants
born at full-term were enrolled at a median age of 2 weeks and no later than the age of
8-weeks-old [16,17]. Infants received isoenergetic study formulas with different protein
contents, and isoenergetic follow-on formulas with different protein contents were offered
after introduction of complementary feeding until the age of 12 months. In addition to
the intervention, an observational group of infants fully breastfed for at least 3 months
was included. Infants were recruited from Belgium (Brussels, Liege), Germany (Munich,
Nuremberg), Italy (Milano), Poland (Warsaw) and Spain (Tarragona, Reus). Written in-
formed consent was received from all legal guardians prior to enrolment, and additional
assent from children at the follow-up at 96 months of age. All time points with dietary
records were included for this analysis, namely, monthly nutritional data for the first
9 months of the infant’s life, and at 12-, 18-, 24-, 36-, 48-, 60-, 72- and 96-months-old. The
trial was conducted in accordance with the Declaration of Helsinki, approved by the ethical
committee from each study site and registered at clinical trials (NCT00338689).

2.2. Dietary Assessment

Dietary data for the aforementioned time points were collected using food records for
three consecutive days, including one weekend day. The dietary records were completed
as proxy reports by parents or legal caretakers. Food records from 1 to 24 months of age
were weighed using food scales (Unica 66,006 food scale; Soehnle, Murrhardt, Germany).
From 36 months onwards, foods and leftovers were weighed wherever possible. Otherwise,
an atlas of food pictures was used to support estimation of portion sizes as described
previously [18]. Breastfeeding was entered as an EO with zero calories because quantitative
intake data were collected only in a subgroup of Italian children (weighing infants before
and after breastfeeding).

Data were entered in a software specifically dedicated for this study, where nutritional
data were based on the German food database BLS 2.3 (Bundeslebensmittelschliissel). If
needed, the database was enriched by information from product labels, manufacturers
or national food databases of participating countries. Nutritional values of foods were
updated for analysis to BLS 3.1. Quality checks were performed for each food record by
trained nutritionists following standard operating procedures [19,20].
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Misreporting of food intakes was assessed for all time points with weight measure-
ments by comparing individual cut-off values with the ratio of reported energy intakes to
estimated energy requirements as described in detail elsewhere [21]. Individual reports
were identified as misreporting if the individual ratio was above or below the cut-off value,
but were not excluded from the analysis as recommended [22].

2.3. Eating Frequency (EF)

EF was assessed as the total number of EOs (foods and beverages) consumed within a
day. Water intake was not considered as an EO because water consumption was typically
reported as a summarized intake during the day. Further beverage intakes with an energy
density (amount of energy (kcal) per gram of food (g)) less than 0.01 (analogous to [23]),
which typically include unsweetened tea, were not considered to avoid potential bias; i.e.,
some children prefer water as a beverage, and others prefer tea. Food records, in which EF
was not assigned to a particular point in time (e.g., stating “during day”) were excluded.

EOs were collected either as exact time-of-day (<36 months of age) or were assigned
according to pre-defined categories (>>36 months of age). These categories include breakfast,
lunch, supper and morning, afternoon and evening snacks as described previously [24].
Additionally, all EOs were seen as one EO when time was less than 30 min for lunch and
supper, or less than 15 min for breakfast and snacks. This time differentiation was used to
include foods such as dessert as one meal, which are typically eaten at lunch or supper.

2.4. Covariates

Height or length, respectively, as well as weight during the first 2 months of age and
at 3, 6, 12, 24, 36, 48, 60, 72 and 96 months were assessed according to the procedures of the
World Health Organization (WHO) Growth reference study [25]. Children were categorized
as being normal or overweight according to the International Obesity Task force (IOTF)
cut-off values, available for children aged 24 months and older [26]. Parental education was
collected by questionnaire at baseline and classified according to the International Standard
Classification of Education [27] into low, medium and high levels of education. Smoking
in pregnancy, maternal age at child’s birth, birth weight, week of birth, country and sex
were collected by questionnaire. Start of complementary feeding was defined through
questionnaires and dietary records.

2.5. Statistical Analysis

All subjects with dietary data from >one observation time point were included in the
analysis. The data were divided for a main analysis and a sub-analysis. The main analysis
included all dietary records except those from breastfed infants, where total energy and
nutrient intakes could not be calculated. Data of breastfed infants were added to the sub
analysis. EF, total energy (kcal/day) and nutrient (g/day) intakes were averaged over the
three-day dietary records. Descriptive data are presented as arithmetic mean (standard
deviation) for continuous variables and as counts (%) for categorical variables.

EF trajectories by age were estimated by generalized additive mixed-effects models.
Mixed effects model enable the estimation of repeated measurements and allow for miss-
ing values at observation time points, whereas the generalized additive mixed model is
particular suitable to model non-linear effects via splines such as age over time. Further-
more, trajectory modelling by regression analysis in contrast to crude averages allow to
estimate confidence intervals by taking into account the EF correlation of the same child. A
regression analysis was estimated with EF as outcome and age in months (penalized cubic
spline; “cs”) as exposure. Additionally, the model contained a random intercept for each
study participant, a random slope over age and an autocorrelation term for age in months
(“CorCARL1"). The inclusion of an autocorrelation term was necessary to consider residual
serial correlation from repeated measurements of the same child. Additional models were
estimated to examine country, feeding mode, sex or weight status differences in EF. These
models additionally included country, feeding type (breastfeeding vs. non-breastfeeding),
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sex or weight status (normal weight vs. overweight) as a covariate, and an additional
interaction term was added. This term contained a spline with age in months interacting
with either country, feeding mode, sex or weight status. The interaction allowed different
shapes between countries, sexes, feeding modes or weight groups, and additionally exam-
ined differences over time. Country or sex differences in EF were estimated for all ages,
whereas IOTF cutoffs for weight status were available only from 24 months onwards [26].
Differences between feeding mode were estimated during the 1st year of life. Results of
the regression analyses were plotted using predicted average values of EF over time and
EF over time, country and feeding type, respectively. Models were graphically checked by
inspection of residuals.

For the analysis of EF by time-of-day, EF was either examined according to EOs or by
time-of-day (in hours) in percentage of total records. The observation time points were
further summarized to plot daytime differences between countries and feeding modes.

Several sensitivity analyses were performed. Firstly, a sensitivity analysis was calcu-
lated by the exclusion of EOs contributing less than 5% towards total energy intake (TEI),
and secondly, a sensitivity analysis was performed by exclusion of study participants in
which TEI deviated more than three standard deviations from the average TEI for each time
point. Thirdly, a sensitivity analysis was performed to examine the effect of continuous
BMI z-score instead of cut-off values. Cut-off values facilitate the visual presentation; on
the other hand, they do face some drawbacks such as loss of information and thus loss of
statistical power [28]. Lastly, we examined the effect of the intervention on EF by including
the intervention type as covariate variable into the model. All analyses were performed in
R (R Foundation for Statistical Computing, version 4.2.2., Vienna, Austria) [29] in addition
to the packages “mgcv” and “ggplot2”. Results were considered as significant at p < 0.05.

3. Results

The main analysis of this study included 1244 healthy children from 1 to 96 months
of age. About a quarter of the children were in the observational breastfed group. The
sub analysis also included all children with breastfeeding, which resulted in 1370 children
(Supplementary Online Material—Table S1). In addition to the number of breastfed children,
the main and sub-analysis had similar study characteristics, and the characteristics of the
main study population are reported in the following. Thirty-seven percent of the children
each belonged to the intervention and control group. Children participated on average
in 10.9 out of 17 dietary follow-up visits, with 13% of children participating in all of the
17 follow-up visits. Most children were recruited in Spain (27%), followed by Italy (25%),
Germany and Poland (17% each), and Belgium (13%). Around half of the parents of
participating children had a medium education level, and the average age of the mother at
birth of the study child was 30 years (Supplementary Online Material—Table 52).

Dietary intakes by age is shown in Table 1. Average EF decreased from 7.3 to 5.1 from
1 to 96 months of age, whereas TEI and dietary energy density increased. TEI by weight
declined from 1 to 96 months of age at time points with weight measurements. Average
nutrient (g) intakes increased with age, but the distributions of energy from nutrients
changed by age, with an increase of energy from carbohydrates from 44%E to 53%E from
1 to 7 months, to 49%E at 96 months. Similarly, energy from protein increased from 9%E
to 17%E in children from 1 to 18 months to 15%E at 96 months. Instead, energy from
fats decreased from 44%E to 36%E from 1 to 96 months. Possible misreporting of TEI
was highest at 96 months (underreporting: 25%) and 12 months (overreporting: 33%).
Children classified as underreporting of TEI had on average a lower EF than children
classified as overreporting or children with plausible report of TEL In contrast, children
classified as overreporting had on average a higher EF than children with plausible report
or underreport. Around 15% of children aged 2 to 8 years were overweight at a given
time point with highest frequency at 8 years (23% of the children) and lowest frequency at
2 years of age (6% of the children).
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Table 1. Dietary intake by age in participants from 1 to 96 months of age (1 = 1244).
. Energy Carbohydrates Protein Fat Misreporting **
i i: " Fi bt Und o ;"tr"sty
Months requency , __ nder- ver- ensity
Kcal/day Kcal/kg/day %E g/day %E g/day E g/day Ripist> Repat?
1 616 7319 526 + 117 154 + 42 57+12 92 12+4 2746 -_— _— 07 +03
2 833 71+£22 571 + 125 — 62+13 9+2 13+4 29+6 — - 07+03
3 839 66 +21 600 + 136 99 +22 65+ 15 9+2 14+4 31+6 104 (12) 86 (10) 07+03
4 808 64+21 640 + 136 — 72417 9+2 15£5 3146 - - 07+03
5 815 64+22 685 + 147 — 83+21 10+£3 18+6 30+7 _ — 07 +03
6 812 63423 731 £176 93121 94424 11£3 2047 2948 39(5) 205 (25) 07+03
7 784 61x21 72172 — 101+24 13+£3 24+8 29+8 — — 08+04
8 778 812+ 183 — 106 +24 13+£3 26+8 30+8 — — 08+04
9 783 838 + 200 — 109 + 26 13+3 28+9 30+9 — — 08 +05
12 829 896 + 208 91+22 115+ 28 153 33+10 329 47 (6) 273(33) 1.0+ 07
18 742 1042 £ 246 — 128 + 32 17+3 38410 — — 1.2+09
24 778 1120 + 283 90 +24 136 4+ 33 16+3 2+12 61(8) 171 (22) 1.2+09
36 556 1234 4 303 83422 150 + 37 1643 46 +13 36 (6) 95(17) 13410
48 528 1329 + 304 78420 162 + 35 15+£3 51414 29(5) 73(14) 14411
60 483 1404 + 325 7+19 7 172+ 40 15+£3 54+ 14 48 (10) 57(12) 14+10
2 520 2 1. 1481 + 325 68 +£17 50+6 183 £ 39 15+3 55+13 57+ 14 60 (12) 43 (8) 14+£10
9% REE 51411 1596 + 364 57 +16 97 191 £42 15+3 60 =15 63+18 109 (25) 14 (3) 15+11

Values are presented as mean =+ standard deviation or as counts (percentage). * Weight in kg was not collected at
months 2, 4, 5,7, 8,9 and 18; ** Misreporting was calculated by the ratio of reported energy intakes and estimated
energy requirements [21]. Abbreviation: %E = Nutrient intake in percentage of energy intake.

The average predicted EF by age is shown in Figure 1. The difference of the predicted
EF records (Figure 1A) compared to the raw average EF (Table 1) were very similar. From
the 1st to 3rd months a steep decline in EF was observed; complementary feeding was
on average introduced at the end of the 4th month (18.9 weeks). Thereafter, the decrease
in EF was decelerated or constant, whereas EF started to increase slightly with 24 to
36 months and declined thereafter. The calculated EFs by country are shown in Fig 1B.
Polish children showed the highest average EF due to a regular consumption of tea in the
first months. For all countries, the highest EF was seen at 1 months, with a steep decline
thereafter, and the lowest EF at 96 months of age. The most pronounced differences in EF
between countries were seen during the first months of life, while EF were more similar
at later ages. Differences between breastfed and non-breastfed infants during the 1st year
of life are shown in Figure 1C. In total, 536 infants were breastfed at a given time point
(Supplementary Online Material—Table S1). Infants were grouped as breastfed as long as
breastfeeding persisted and otherwise grouped as non-breastfed along with formula-fed
infants from the main analysis. Infants showed a higher EF for the duration of breastfeeding
than non-breastfed infants, particularly pronounced from around 6 months onwards. From
that time point onwards, breastfed infants were fed on average two times more often than
non-breastfed infants. Sex and body weight status were not associated with EF (p > 0.05).

EF by time of the day in children from 1 to 24 months is shown in Figure 2. At 1 month of
age, the feeding distribution is almost equally distributed over 24 h. From 2 months onwards,
the frequency of feedings during nighttime decreased steadily, and from around 6 months
onwards peaks of feeding/eating appear at typical times during morning, midday and evening
(Figure 2). EF by daytime showed earlier peaks of preferred meal times in non-breastfed
compared to breastfed infants. Nighttime feeding was prevalent longer in breastfed infants
(Figure 3). From around 4 months onwards, breastfed infants were fed twice as often during
the night (10 pm to 5 am) than non-breastfed infants. With the introduction of complementary
feeding, country differences in daytime EF were observed (Figure 4). The distribution is equally
distributed during daytime, especially in Poland, though also in Germany. However, the eating
distribution between 12-24 months in Germany is more pronounced during the afternoon and
evening. Instead, in Belgium, Italy and Spain, there are noticeable peaks of EF. In Belgium and
Italy, the first peak is visible between 7 to 8 am followed by noon, 4 pm and 7 pm. In Spain, all
peaks were shifted 1 or 2 h later. Children aged 3 to 8 years showed a regular eating pattern
with three meals (90% of the children; 8% of the children consumed more than three meals) and
a regular snacking pattern with one, two or more than two snacks (28%, 47% and 24% of the
children, respectively). Almost all children consumed at least one snack during the afternoons
(95%), 62% of the children consumed at least one snack during the mornings and some during
the evenings (18%). Children in Poland and Germany consumed (two or more than two times)
a snack during the mornings (Poland: 43% and Germany: 20%) and the afternoons (Poland:
66% and Germany: 42%) more frequently.
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Figure 1. (A) Predicted average eating frequency by age (n = 1244). (B) Predicted average eating
frequency by age and country (NBelgium = 163, NGermany = 214; Nytaly = 314; Npoland = 214; Ngpain = 339).
(C) Predicted average eating frequency by feeding mode (1 = 1370, whereas 536 infants were breastfed
at a given time point). All models are estimated by generalized additive mixed-effects models with
EF as outcome and a spline for age in months, a spline for age in months and country and a spline for
age in months and feeding mode, respectively, as exposure.
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Figure 2. Eating frequency by time-of-day in percentage from total records and by age in months (1 = 1244).
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Figure 3. Eating frequency by time-of-day in percentage from total records and by age groups and feeding mode (n = 1370 infants, whereas 536 infants were
breastfed at given time point).
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Figure 4. Eating frequency by time-of-day in percentage from total records and by age groups (A-C) and country (Npejgium = 163, NGermany = 214;
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Several sensitivity analyses were carried out. One sensitivity analysis was performed
by exclusion of dietary records deviating at least three standard deviations from the average
TEL The EF by age was similar to the main analysis. The second sensitivity analysis was
performed by exclusion of EOs contributing only 5% or less towards TEIL The EF was
slightly lower compared to the main analysis but was more similar towards 96 months
of age (Supplementary Online Material —Figure S1). As a third sensitivity analysis, we
examined BMI as a continuous variable, but found similar results to BMI as cut-off values.
Lastly, we examined the effect of the original intervention on EF, but found a statistically sig-
nificant higher EF over time only in the observational breastfed arm (p < 0.05). Particularly,
the EF was elevated in the observational arm during the first year of life (Supplementary
Online Material—Figure S2).

4. Discussion

This study examined the dietary data of 1244 healthy children from five European
countries and from 1 to 96 months of age. We assessed the average EF by age and found
the highest EF at 1 month followed by a steep decline until complementary feeding was
introduced, and a stable-to-slightly decreasing EF until 96 months with the lowest EF. EF
trajectories were shaped by feeding mode, with a higher EF in breastfed than non-breastfed
infants, and by country, with the highest EF in Poland. Depiction of EF by daytime revealed
a change in EF during the first 9 months of life from a rather uniform distribution at
1 months to peaks of preferred meal times from 4 months onwards. Daytime differences
in EF were visible between countries as soon as complementary feeding was introduced.
Breastfed infants were more often and longer fed during the night than non-breastfed
infants. No differences in EF between children with different weight status or between
sexes were found.

The WHO recommends to breastfeed on demand during the first about 6 months
of life, which means to breastfeed whenever the infants signals the desire to drink—day
or night [30]. Feeding on demand is also applicable for formula-fed infants [31]. In
our study population, we found a slightly higher frequency of day compared to night
feeding in the first month. The night-feeding frequency dropped from month to month,
particularly in non-breastfed infants. A study in breastfed infants found night feeding to be
higher before midnight and after 4 am [32], similarly to our study. We found the highest
average feeding frequency to be at 1 month. Thereafter, the feeding frequency declined
rapidly until 3 months, with a rather constant feeding frequency until 6 months. A similar
feeding trajectory was found in breastfed Australian infants [33]. In this study, the authors
additionally examined the breastfeeding duration and total 24 h milk intake, and found
that the duration of feeding decreased steadily but the total milk intake remained constant.
They concluded that breastfeeding becomes more efficient between the 1st and 3rd month
of lactation, which may be related to an increasing stomach capacity of the infant. The
feeding frequency in Polish infants was noticeable higher than in infants from remaining
countries due to regular tea consumption from the 1st month onwards. Some institutions
such as the WHO [34] recommend the addition of extra fluids, preferably water, only to
non-breastfed children, as formula feeding compared to breastfeeding might not provide
enough liquids. The consumption of tea or sugary drinks, however, should be limited due
to its low nutrient density [35].

With introduction of complementary feeding, the WHO recommends to practice
responsive feeding [5,35]. The principle of responsive feeding is based on reciprocity
between the caregiver and the child. In particular, it means to feed children depending
on the hunger and satiety cues of the child. The caregiver responds to these cues in an
emotionally supportive and age-appropriate way, and the child experiences a predictable
response to these signals [36]. Responsive feeding supports the child to self-regulate
food intake and reduces overeating [37]. The WHO reported theoretical calculations as
a benchmark for an appropriate number of feedings in children aged 6 to 23 months.
These are four to five meals daily and one-two snacks if desired for formula-fed children,
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depending on the energy density and usual amounts consumed [35]. A meal may consist
of milk feeds, other foods or a combination of both. In breastfed infants, the number of
feeds from breastfeeding needs to be considered and were subtracted by the WHO from the
recommended number of meals. Thus, the WHO [5] reported a benchmark of two-three
meals at 6-8 months and of three-four meals at 9-11 months, depending on energy density
and usual amounts consumed. Additionally, one-two snacks may be consumed if desired.
Comparison of our results with the calculations by the WHO are difficult since WHO
separated between meals and snacks. Nonetheless, the average energy density and energy
requirements on which the required meals are calculated are comparable to the WHO.

In our study population, complementary feeding was on average introduced at the
end of the 4th month. Changes in eating behavior were visible in the 24 h-food distribution
as peaks of preferred meal timing started to appear. A cross-sectional study in American
infants and children examined EF based on a meal and snack pattern instead of times, and
found a meal and snack pattern emerging in the age group of 7-8-month-old infants and
was established in 9-11-month-olds [38]. When looking in our analysis at the 24-h food
distribution stratified by country, we found large country differences starting as early as
from the 4th month onwards. The country differences we observed might suggest that
the cultural component seems to be more important than purely physiological aspects to
determine time and frequency of eating, as previously proposed by Chiva [3].

We found a higher EF in breastfed compared to non-breastfed infants. Complementary
feeding was introduced later in breastfed (mean 5th month) compared to formula-fed
infants (mean 4th month). However, this does not entirely explain the difference in EF, as
the difference in EF was stable until the end of the 1st year of life. The higher EF in breastfed
infants was particularly visible during nighttime, and is likely to result in different sleeping
patterns between breastfed and non-breastfed infants during the entire lactation period.

Most studies examining EF in children focused on children aged 2 years or older. The
average daily EF in Portuguese children aged 3-9 years was 5.7, with on average three
meals and three snacks [10]; in New Zealand children aged 2 years, the average EF was
5.5, with most children eating four-seven times per day [39], and in British children aged
4-10 years, the daily EF was 4.9 times per day [11]. The EF of these studies are comparable
to our results; however, comparison is hampered due to different definitions of an EO and
due to summarized age ranges as EOs decrease with age. Furthermore, EF from above
studies were examined in countries not examined in our analysis.

We observed a decrease in average EF throughout the examined age range, as well
as a decrease in variation with the smallest variation at 8 years (SD = 1.1). A possible
explanation for the observed decrease in EF might be the improved gastric capacity and
the decreased requirements for energy and nutrients per kilogram body weight [40,41].
Furthermore, the EF between children becomes more and more similar. A possible reason
might be that with increasing age, the day becomes more structured and eating more
institutionalized, with fixed times for meals and snacks in day care or school. Additionally,
in older children, peers are becoming more important, and the eating behavior of peers
might influence the eating behavior of the child to a greater extend [6].

A further major influencing factor of EF might be by the rate of gastrointestinal motility
as gastric motility is linked to the sensations of hunger, appetite and satiety [42,43]. Gastric
emptying, defined as the rate at which gastric contents are delivered to the duodenum, is
regulated, for instance, by the volume or energy density of the ingested foods [43]. Thus,
large EOs or EOs with a high energy density may slow down sensations of hunger and
affecting EF. In addition, it has been found that gastric emptying is faster in breastfed
than formula-fed infants [44,45]. A possible explanation might be the different nutrient
composition. For instance, the milk fat content in breastmilk seems to increase throughout a
feeding, whereas in infant formula the composition is uniform throughout a feeding [44,46].

We examined how EF is affected by weight status and sex differences, and found
neither differences in EF between children with overweight and normal weight nor be-
tween boys and girls. A meta-analysis [14] of cross-sectional studies examining EF and
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overweight in children and adolescences found a beneficial effect of EF (highest vs. lowest
EF category) on body weight, which was only significant in boys. However, the results of
the meta-analysis are hampered by a high heterogeneity between study results and of the
cross-sectional design of the studies included. In contrast, we performed a longitudinal
study, which may reduce the risk of chance findings. We used EF as outcome and weight
status as exposure variable, which is in reverse to previous studies and further limits com-
parison. Our results suggest that EF is of minor relevance in the overweight and obesity
development. Future studies examining the overweight and obesity risk should focus on
other dietary aspects than on the EF in children.

5. Strength and Limitations

Our study benefited from the long prospective observation period from 1 to 96 months
of age, which provided a detailed EF trajectory, particularly during the 1st year of life. Fur-
thermore, the longitudinal study design allows not only the capacity to examine between-
subject variations, but also within-subject variations, which strengthens evidence. We used
3-days weighed and estimated dietary records, which allowed a more accurate description
of dietary data than other methods. Our study population comprised children from five
European countries. This increased, on the one hand, the generalizability of our results, and
additionally enabled the capacity to study country and cultural differences, respectively.
On the other hand, it limits study comparison by age due to the different definitions used
in younger and older children. A further limitation is that beverages could not be examined
on their own. Beverages may influence metabolic and digestive processes differently than
solid foods, and may have a different influence on eating behavior and health outcomes [1].
However, beverages are difficult to collect as beverages are often consumed over longer
time periods, and are thus difficult to assign to one particular point in time. Furthermore,
it may be easier to forget to report beverages. Due to these reasons, we did not perform
a trajectory analysis of beverages only. Future studies need to focus on beverages to ex-
plicitly collect beverage consumption. Lastly, the frequency of breastfeeding, but not the
volume of breastfeeding, was reported. Due to this, we could not validate the intake in
breastfed infants, and we thus analysed breastfeeding only in a sub-analysis. The volume
of breastfeeding is usually received by weighing the infant before and after the feeding.
This method was not possible to apply in a large study such as ours, and was performed
only in a subgroup of Italian children.

6. Conclusions

This study examined EF in European infants and children from 1 to 96 months of age
and found a varying EF as children grow as well as between countries, feeding mode and
during daytime. These findings, particularly during the first months of life, are relevant
for health care professionals in supporting parents and their infants. Although EF is an
important contributor towards TEI, it did not affect overweight risk in children. It seems
that the cultural differences found in the EF and its distribution throughout the day may be
more important than purely physiological factors.

Supplementary Materials: The following supporting information can be downloaded at: htips://
www.mdpi.com/article/10.3390/nu15040984/s1, Table S1: Participant flow of enrolled infants with
dietary data at baseline and follow-ups; Table 52: Characteristics of participating children and their
parents; Figure S1: Average predicted eating frequency by sensitivity analyses and age. All mod-
els are estimated by generalized additive mixed effects models with EF as outcome and a spline
for age in months; Figure S2: Average predicted eating frequency by intervention (ncontro1 = 463;
DNexperimental = 469; Nobservational = 438). Statistical significant differences over age only in the observa-
tional arm (breastfed infants). No statistical significant difference between experimental and control
group. Model is estimated by generalized additive mixed effects models with EF as outcome and a
spline for age in months and age in months and intervention group.
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