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ABSTRACT

Abstract

Background and objectives: The relevance of physical fitness for children’s and adolescents’
health is indisputable and it is crucial to regularly assess and evaluate children’s and
adolescents’ individual physical fitness status to detect potential negative health consequences
in time. Physical fitness tests are easy-to-administer, reliable, and valid which is why they
should be widely used to provide information on performance development and health status
of children and adolescents. When talking about development of physical fitness, two
perspectives can be distinguished. One perspective is how the physical fitness status of children
and adolescents changed / developed over the past decades (i.e., secular trends). The other
perspective covers the analyses how physical fitness develops with increasing age due to growth
and maturation processes. Although, the development of children’s and adolescents’ physical
fitness has been extensively described and analyzed in the literature, still some questions remain

to be uncovered that will be addressed in the present doctoral thesis.

Previous systematic reviews and meta-analyses have examined secular trends in children’s and
adolescents’ physical fitness. However, considering that those analyses are by now 15 years old
and that updates are available only to limited components of physical fitness, it is time to re-
analyze the literature and examine secular trends for selected components of physical fitness
(i.e., cardiorespiratory endurance, muscle strength, proxies of muscle power, and speed).
Furthermore, the available studies on children’s development of physical fitness as well as the
effects of moderating variables such as age and sex have been investigated within a long-term
ontogenetic perspective. However, the effects of age and sex in the transition from pre-puberty
to puberty in the ninth year of life using a short-term ontogenetic perspective and the effect of
timing of school enrollment on children’s development of physical fitness have not been clearly
identified. Therefore, the present doctoral thesis seeks to complement the knowledge of
children’s and adolescents’ physical fitness development by updating secular trend analysis in
selected components of physical fitness, by examining short-term ontogenetic cross-sectional
developmental differences in children’s physical fitness, and by comparing physical fitness of
older- and younger-than-keyage children versus keyage-children. These findings provide
valuable information about children’s and adolescents’ physical fitness development to help
prevent potential deficits in physical fitness as early as possible and consequently ensure a

holistic development and a lifelong healthy life.

Methods: Initially, a systematic review to provide an ‘update’ on secular trends in selected

components of physical fitness (i.e., cardiorespiratory endurance, relative muscle strength,
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proxies of muscle power, speed) in children and adolescents aged 6 to 18 years was conducted
using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis statement
guidelines. To examine short-term ontogenetic cross-sectional developmental differences and
to compare physical fitness of older- and younger-than-keyage children versus keyage-children
physical fitness data of 108,295 keyage-children (i.e., aged 8.00 to 8.99 years), 2,586 younger-
than-keyage children (i.e., aged 7.00 to 7.99 years), and 26,540 older-than-keyage children (i.e.,
aged 9.00 to 9.99 years) from the third grade were analyzed. Physical fitness was assessed
through the EMOTIKON test battery measuring cardiorespiratory endurance (i.e., 6-min-run
test), coordination (i.e., star-run test), speed (i.e., 20-m linear sprint test), and proxies of lower
(i.e., standing long jump test) and upper limbs (i.e., ball-push test) muscle power. Statistical

inference was based on Linear Mixed Models.

Results: Findings from the systematic review revealed a large initial improvement and an
equally large subsequent decline between 1986 and 2010 as well as a stabilization between
2010 and 2015 in cardiorespiratory endurance, a general trend towards a small improvement in
relative muscle strength from 1972 to 2015, an overall small negative quadratic trend for
proxies of muscle power from 1972 to 2015, and a small-to-medium improvement in speed
from 2002 to 2015. Findings from the cross-sectional studies showed that even in a single
prepubertal year of life (i.e., ninth year) physical fitness performance develops linearly with
increasing chronological age, boys showed better performances than girls in all physical fitness
components, and the components varied in the size of sex and age effects. Furthermore, findings
revealed that older-than-keyage children showed poorer performance in physical fitness
compared to keyage-children, older-than-keyage girls showed better performances than older-

than-keyage boys, and younger-than-keyage children outperformed keyage-children.

Conclusions: Due to the varying secular trends in physical fitness, it is recommended to
promote initiatives for physical activity and physical fitness for children and adolescents to
prevent adverse effects on health and well-being. More precisely, public health initiatives
should specifically consider exercising cardiorespiratory endurance and muscle strength
because both components showed strong positive associations with markers of health.
Furthermore, the findings implied that physical education teachers, coaches, or researchers can
utilize a proportional adjustment to individually interpret physical fitness of prepubertal school-
aged children. Special attention should be given to the promotion of physical fitness of older-
than-keyage children because they showed poorer performance in physical fitness than keyage-

children. Therefore, it is necessary to specifically consider this group and provide additional

Vi
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health and fitness programs to reduce their deficits in physical fitness experienced during prior

years to guarantee a holistic development.

Keywords: physical fitness, children, adolescents, primary school, secular trends, age, sex,

timing of school enrollment

vii



ZUSAMMENFASSUNG

Zusammenfassung

Hintergrund und Ziele: Die Relevanz der korperlichen Fitness fur die Gesundheit von
Kindern und Jugendlichen ist unbestritten und es ist von entscheidender Bedeutung, den
individuellen korperlichen Fitnesszustand von Kindern und Jugendlichen regelmaRig zu
untersuchen und zu bewerten, um mogliche negative gesundheitliche Folgen rechtzeitig zu
erkennen. Tests zur Bewertung der korperlichen Fitness sind einfach durchzufihren, reliabel
und valide, weshalb sie in grolem Umfang eingesetzt werden sollten, um Informationen tber
die Entwicklung der koérperlichen Fitness und den Gesundheitszustand von Kindern und
Jugendlichen zu erhalten. Bei der Betrachtung der Entwicklung der kérperlichen Fitness lassen
sich zwei Perspektiven unterscheiden. Die eine Perspektive untersucht, wie sich die korperliche
Fitness von Kindern und Jugendlichen in den letzten Jahrzehnten veréndert bzw. entwickelt hat
(sog. sdkulare Trends). Die andere Perspektive analysiert, wie sich die kérperliche Fitness mit
zunehmendem Alter aufgrund von Wachstums- und Reifungsprozessen entwickelt. Obwohl die
Entwicklung der korperlichen Fitness von Kindern und Jugendlichen in der Literatur
ausflhrlich beschrieben und analysiert wurde, sind noch einige Fragen offen, welche in der

vorliegenden Doktorarbeit adressiert werden.

Friihere systematische Uberblicksbeitrage und Meta-Analysen haben sékulare Trends in der
korperlichen Fitness von Kindern und Jugendlichen untersucht. Da diese Analysen jedoch
mittlerweile 15 Jahre alt sind und Aktualisierungen nur flr ausgewéhlte Komponenten der
korperlichen Fitness zur Verfligung stehen, ist es notwendig, die Literatur neu zu analysieren
und sékulare Trends fir ausgewahlte Komponenten der korperlichen Fitness (d. h. aerobe
Ausdauer, relative Muskelkraft, Schnellkraft und Schnelligkeit) zu untersuchen. Dariiber
hinaus wurden die verfligbaren Studien ber die Entwicklung der korperlichen Fitness von
Kindern sowie die Effekte moderierender Variablen wie Alter und Geschlecht in einer
langfristigen ontogenetischen Perspektive untersucht. Die Effekte von Alter und Geschlecht
beim Ubergang von der Vorpubertit zur Pubertit im neunten Lebensjahr unter einer
kurzfristigen ontogenetischen Perspektive und die Effekte des Zeitpunkts der Einschulung auf
die Entwicklung der kérperlichen Fitness von Kindern sind jedoch bislang nicht eindeutig

identifiziert worden.

Die vorliegende Doktorarbeit hat daher das Ziel, den Wissensstand iber die Entwicklung der
korperlichen Fitness von Kindern und Jugendlichen zu ergénzen, indem sédkulare
Trendanalysen ausgewdhlter Komponenten der korperlichen Fitness aktualisiert werden,

kurzfristige ontogenetische Entwicklungsunterschiede in der korperlichen Fitness von Kindern

viii
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im Querschnitt untersucht werden und die kérperliche Fitness von élteren und jingeren Kindern
im Vergleich zu Stichtagskindern analysiert wird. Diese Erkenntnisse liefern wertvolle
Informationen uber die Entwicklung der korperlichen Fitness von Kindern und Jugendlichen,
um moglichen Defiziten in der korperlichen Fitness so friih wie moglich vorzubeugen und

damit eine ganzheitliche Entwicklung und ein lebenslanges gesundes Leben zu gewahrleisten.

Methodik: Zunachst wurde ein systematischer Uberblicksbeitrag verfasst, um den Wissenstand
der sakularen Trends bei ausgewéhlten Komponenten der kérperlichen Fitness (d. h. aerobe
Ausdauer, relative Muskelkraft, Schnellkraft, Schnelligkeit) bei Kindern und Jugendlichen
gemdl den PRISMA Richtlinien zu aktualisieren. Um kurzfristige ontogenetische
Entwicklungsunterschiede im Querschnitt zu untersuchen und die korperliche Fitness von
alteren und jlngeren Kindern im Vergleich zu Stichtagskindern zu analysieren, wurden die
Daten zur korperlichen Fitness von 108.295 Stichtagskindern (d. h. im Alter von 8,00 bis 8,99
Jahren), 2.586 jlingeren Kindern (d. h. im Alter von 7,00 bis 7,99 Jahren) und 26.540 &lteren
Kindern (d. h. im Alter von 9,00 bis 9,99 Jahren) aus der dritten Klasse analysiert. Die
korperliche Fitness wurde anhand der EMOTIKON-Testbatterie zur Messung der aeroben
Ausdauer (d. h. 6-min-Lauf), der Koordination (d. h. Sternlauf), der Schnelligkeit (d. h. 20-m-
Sprint) sowie der Schnellkraft der unteren (d. h. Standweitsprung) und oberen Extremitéten (d.

h. Medizinballstofl3en) erhoben. Die statistische Inferenz basierte auf Linear Mixed Models.

Ergebnisse: Die Ergebnisse des systematischen Uberblickbeitrags zeigten eine starke
anfangliche Verbesserung und einen ebenso starken Riickgang zwischen 1986 und 2010 sowie
eine Stabilisierung zwischen 2010 und 2015 bei der aeroben Ausdauer. Zudem war ein
allgemeiner Trend zu einer geringen Verbesserung der relativen Muskelkraft zwischen 1972
und 2015, ein insgesamt geringer negativer quadratischer Trend bei der Schnellkraft zwischen
1972 und 2015 sowie eine geringe bis mittlere Verbesserung der Schnelligkeit zwischen 2002
und 2015 zu verzeichnen. Die Ergebnisse der Querschnittsstudien legten dar, dass sich die
korperliche Fitness selbst in einem einzigen prapubertaren Lebensjahr (d. h. neuntes
Lebensjahr) mit zunehmendem chronologischen Alter linear entwickelt, dass Jungen in allen
untersuchten Komponenten der korperlichen Fitness bessere Leistungen zeigten als Médchen
und dass sich die Komponenten der korperlichen Fitness in der Starke der Alters- und
Geschlechtseffekte stark unterschieden. Dariiber hinaus zeigten die Ergebnisse, dass Kinder,
die &lter als Stichtagskinder sind, im Vergleich zu Stichtagskindern schlechtere Leistungen
zeigten; Madchen, die &lter als Stichtagskinder sind, bessere Leistungen zeigten als Jungen, die
alter als Stichtagskinder sind; und Kinder, die junger als Stichtagskinder sind, bessere

Leistungen zeigten als Stichtagskinder.
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Schlussfolgerung: Aufgrund der unterschiedlichen sékularen Trends bei der korperlichen
Fitness wird empfohlen, Initiativen fiir kdrperliche Aktivitat und korperliche Fitness bei
Kindern und Jugendlichen zu fordern, um negative Auswirkungen auf die Gesundheit und das
Wohlbefinden zu verhindern. Insbesondere sollten Initiativen im Bereich der 6ffentlichen
Gesundheit speziell das Training der aeroben Ausdauer und der Muskelkraft berticksichtigen,
da beide Komponenten starke positive Assoziationen mit Gesundheitsmarkern aufweisen.
Dariiber hinaus legen die Ergebnisse nahe, dass Sportlehrkréfte, Trainer und Trainerinnen oder
Wissenschaftler und Wissenschaftlerinnen eine proportionale Anpassung nutzen kénnen, um
die korperliche Fitness von Kindern im vorpubertaren Schulalter individuell zu interpretieren.
Ein besonderes Augenmerk sollte auf die Forderung der kdrperlichen Fitness von Kindern, die
alter als Stichtagskinder sind, gelegt werden, da diese schlechtere Leistungen in der
korperlichen Fitness zeigten als Stichtagskinder. Daher ist es notwendig, diese Gruppe
besonders zu berticksichtigen und zusétzliche Gesundheits- und Fitnessprogramme anzubieten,
um ihre Defizite in der korperlichen Fitness abzubauen und eine ganzheitliche Entwicklung zu

gewahrleisten.

Schltsselworter: korperliche Fitness, Kinder, Jugendliche, Grundschule, sékulare Trends,

Alter, Geschlecht, Zeitpunkt der Einschulung
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GENERAL INTRODUCTION

1. General introduction

Childhood is an important developmental period in which fundamental movement skills are
obtained through daily physical activity to acquire motor skill competence and movement
confidence (Faigenbaum & Myer, 2012). Therefore, according to evidence-based research, the
World Health Organization (WHO) postulates that children and adolescents aged 5 to 17 years
should be physically active at least an average of! 60 minutes a day at moderate-to-vigorous
intensity (Bull et al., 2020; World Health Organization, 2010). The WHO states that 60 minutes
of daily physical activity are enough to provide significant health benefits (e.g., physical fitness,
bone health, cognitive outcomes [i.e., academic performance, executive function], sleep) and
to reduce health risks (e.g., adiposity, mental symptoms of anxiety and depression,
cardiometabolic health [i.e., blood pressure, insulin resistance]) (Bull et al., 2020). However,
recently published studies showed that only a small percentage of children and adolescents (~
20%) worldwide met the recommended level of 60 min physical activity per day (Guthold et
al., 2020; Hallal et al., 2012; Kalman et al., 2015). As childhood is an important developmental
period in which fundamental movement skills are obtained through daily physical activity to
acquire motor skill competence and movement confidence, low levels of physical activity
prevent the acquirement of these skills (Faigenbaum & Myer, 2012). Consequently, children
and adolescents who do not acquire these competencies due to physical inactivity are at higher
risk of having disease risk factors and developing negative health outcomes later in life (Bull et
al., 2020; Faigenbaum & Myer, 2012). Therefore, high amounts of physical activity are an

important foundation for lifelong health.

Findings from cross-sectional (Katzmarzyk et al., 1998; Mayorga-Vega et al., 2019; Wrotniak
et al., 2006) and longitudinal studies (Larsen et al., 2015) revealed that physical activity is
strongly related to physical fitness. According to Caspersen et al. (1985), physical fitness can
be classified as health- (i.e., cardiorespiratory endurance, muscular endurance, muscular
strength, body composition, and flexibility) and skill-related (i.e., agility, balance, coordination,
speed, [muscle] power, and reaction time) components of physical fitness. Foremost
cardiorespiratory endurance (Mintjens et al., 2018) and muscle strength (Garcia-Hermoso et al.,
2019; Rodrigues de Lima et al., 2020; Smith et al., 2014) showed the strongest associations
with indicators of health in children and adolescents. Accordingly, the relevance of physical

fitness for children’s and adolescents’ health is indisputable and it is crucial to regularly assess

L In the updated version of the 2010 Global Recommendations on Physical Activity for Health (World Health Organization,
2010) the WHO changed the wording “at least’ to ‘at least an average of” (Bull et al., 2020). Therefore, the new wording of ‘at
least an average of” is used in this present doctoral thesis.
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and evaluate children’s and adolescents’ individual physical fitness status to detect potential
negative health consequences in time. Physical fitness tests are easy-to-administer, reliable, and
valid which is why they should be widely used to provide information on performance

development and health status of children and adolescents (Pate, 1991).

Although the development of children’s and adolescents’ physical fitness has been extensively
described and analyzed in literature, still some questions remain unknown that will be addressed
in the present doctoral thesis to provide additional information about children’s and
adolescents’ physical fitness development. Those findings can be used to prevent potential
deficits in physical fitness as early as possible and consequently ensure a holistic development

and lifelong health.

The first question addresses secular trends. Secular trend analyses examine the extent to which
physical fitness changes over time (Albrecht et al., 2016). Probably the best-known studies
about secular trends in physical fitness are those conducted by Tomkinson (2007) and
Tomkinson and Olds (2007). They summarized the existing literature on secular trends for
cardiorespiratory endurance, proxies of muscle power, and speed for the timespan between
1958 and 2003. Their analysis considered physical fitness data of 25,000,000 to 50,000,000
children and adolescents aged 6 to 19 years from all over the world. Between 1958 and 2003,
cardiorespiratory endurance declined by - 0.36% per annum (p.a.) (Tomkinson & Olds, 2007)
whereas proxies of muscle power and speed increased by + 0.03% p.a. and +0.04% p.a.,
respectively (Tomkinson, 2007). Recently these two well-known studies were updated for
cardiorespiratory endurance and absolute muscle strength by analyzing data on the 20-m shuttle
run test (Tomkinson et al., 2019) and handgrip strength (Dooley et al., 2020). The updated
analyses showed that the international rate of decline in cardiorespiratory endurance has
diminished and stabilized since 2000 (Tomkinson et al., 2019) and the international rate of
improvement in handgrip strength progressively increased between 1967 and 2017 (Dooley et
al., 2020).

Particularly the two popular studies conducted by Tomkinson (2007) and Tomkinson and Olds
(2007) were the starting point for among others international promotion of physical activity and
physical fitness in children and adolescents, especially by the WHO (2018). Considering the
extensive promotion of physical activity and physical fitness by the WHO in recent years, it
seems necessary to conduct regular updates of these secular trend analyses to evaluate if / how
secular trends might have changed in the last years. For example, in case that children’s and

adolescents’ physical fitness performance decreased over time, this alarming result could be
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used to design national or international initiatives in physical fithess promotion to ensure a
holistic development and a lifelong healthy life. Since these updates have only been conducted
for cardiorespiratory endurance using estimated VOzpeak from the 20-m shuttle run test
(Tomkinson et al., 2019) and absolute muscle strength data from handgrip dynamometry
(Dooley et al., 2020), secular trends for other components of physical fitness such as relative
muscle strength, proxies of muscle power, or speed remain unknown. Furthermore, it is also
necessary to widen the perspective on cardiorespiratory endurance, i.e., to include different tests
to the 20-m shuttle run test in secular trend analyses. Consequently, there is a need to fill this
gap in the literature and complement the body of knowledge regarding secular trends in selected

components of physical fitness.

As already mentioned, secular trend analyses examine the extent to which physical fitness
changes / develops? over time. Thus, when talking about secular trends in physical fitness the
perspective is on how physical fitness status of children and adolescents developed over the
past decades (i.e., increase, stagnation, or decrease). However, physical fitness cannot only
change / develop over time but also develops? with increasing age particularly during childhood
and adolescence due to growth (i.e., increasing body mass and body height) and maturation
processes (Malina et al., 2004). These growth and maturation induced developmental gains in
physical fitness are foremost modulated by age and sex. Those two moderators will be

addressed in the second question of this doctoral thesis.

There is evidence that physical fitness develops progressively during childhood and
adolescence and is modulated by age and sex (De Miguel-Etayo et al., 2014; Golle et al., 2015;
Malina et al., 2004; Niessner et al., 2020; Santos et al., 2014; Tambalis et al., 2016; Tomkinson
et al., 2018). Accordingly, many studies worldwide (Castro-Pifiero et al., 2010; Catley &
Tomkinson, 2013; De Miguel-Etayo et al., 2014; Dobosz et al., 2015; Golle et al., 2015;
Niessner et al., 2020; Ortega et al., 2011; Roriz de Oliveira et al., 2014; Santos et al., 2014;
Tambalis et al., 2016; Tomkinson et al., 2018) revealed developmental gains in physical fitness
from childhood to adolescence (De Miguel-Etayo et al., 2014; Dobosz et al., 2015; Golle et al.,
2015; Niessner et al., 2020; Ortega et al., 2011; Santos et al., 2014; Tambalis et al., 2016). Boys
show better performances compared to girls during childhood and adolescence in most
components of physical fitness (Castro-Pifiero et al., 2010; Catley & Tomkinson, 2013; De
Miguel-Etayo et al., 2014; Dobosz et al., 2015; Fraser et al., 2019; Lisowski et al., 2020; Ortega

2 Normally, the word development relates to a longitudinal process and intraindividual growth. However, in this present doctoral
thesis development refers on the one hand to secular trends (i.e., development of physical fitness over time) and on the other
hand describes the ontogenetic cross-sectional development of physical fitness with increasing age (i.e., within-year
developmental profiles).
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etal., 2011; Roriz de Oliveiraet al., 2014; Santos et al., 2014; Tambalis et al., 2016; Tomkinson
et al., 2018), except for balance (De Miguel-Etayo et al., 2014; Dobosz et al., 2015) and
flexibility (Catley & Tomkinson, 2013; De Miguel-Etayo et al., 2014; Dobosz et al., 2015;
Golle et al., 2015; Lisowski et al., 2020; Ortega et al., 2011; Roriz de Oliveira et al., 2014;
Santos et al., 2014; Tambalis et al., 2016; Tomkinson et al., 2018).

Those differences between boys and girls are especially evident during puberty (Laurson et al.,
2022) and puberty-related differences between boys and girls are well documented within the
literature. All of the above studies have in common that they examined a wide age range
spanning childhood and adolescence (e.g., 9 to 17 years (Tomkinson et al., 2018)), that is a
long-term ontogenetic perspective. However, a short-term ontogenetic perspective (i.e.,
focusing on a single year of life) might unveil different growth trajectories that might be
overlooked within a long-term ontogenetic perspective. For example, the situation of boys’ and
girls’ divergence during puberty might be different during prepuberty. Girls visibly mature
about two years earlier than boys (Stratton & Oliver, 2020), but sex hormones rise already
considerably starting at eight years of age (Marshall & Tanner, 1969, 1970; Rosenfield et al.,
2009). If the early rise of sex hormones is related to body composition, the question arises
whether there is evidence for faster development of girls compared to boys in this single year
of life (i.e., ninth year), leading to a convergence of performance in physical fitness during the
transition from pre-puberty to puberty. A long-term ontogenetic perspective on this question
might be too ‘long’ to unveil any differences, and a short-term ontogenetic perspective might
be the better approach. However, the effects of age and sex in physical fithess components in
the transition from pre-puberty to puberty in the ninth year of life (i.e., developmental
differences) have not yet been investigated within a short-term ontogenetic perspective. Thus,
the second question of this doctoral thesis will deal with this short-term ontogenetic perspective.
These findings can further the understanding of children’s development of physical fitness and

can be helpful for an individual evaluation of children’s physical fitness status.

As mentioned above, children’s physical fitness develops continuously during childhood and
adolescence. Particularly, schools with their physical education play an important role in
children’s acquirement of fundamental movement skills and obtainment of motor skill
competence and movement confidence (Faigenbaum & Myer, 2012) because schools reach all
children during their development, growth, and formation of habits. Within schools, children
are matched into grades based on their date of birth and a country-specific school enrollment
date. For instance, in the Federal State of Brandenburg, Germany September 30" is the official

date for school enrollment. Accordingly, children who are between 6.00 and 6.99 years old on
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September 30™ are enrolled to school (i.e., keyage-children). However, due to individual
developmental processes, parents have the option to enroll a gifted child earlier or a slow
developing child later (Ministerium fir Bildung Jugend und Sport, 2018). Moreover, gifted
children can skip a school year or children with learning deficits may have to repeat a school
year. All these aspects imply that the age range within school grades can vary considerably
including older-than-keyage (OTK) and younger-than-keyage (YTK) children. As already
mentioned, physical fitness develops with increasing age during childhood and adolescents.
However, the effect of timing of school enroliment on physical fitness development remains
unclear and it has not yet been investigated how physical fitness of OTK and YTK children
develops compared to keyage-children. Therefore, this will be addressed in the third question
of the present doctoral thesis. These findings can be interesting for physical education teachers
to individually evaluate student’s physical fitness considering their age, sex, and timing of
school enrollment. Based on the results additional health and fitness programs can be designed
e.g., to compensate potential deficits in physical fitness as early as possible and consequently

ensure a holistic development and a lifelong healthy life.

Taken together, previous systematic reviews and meta-analyses have examined secular trends
in children’s and adolescents’ physical fitness (Dooley et al., 2020; Tomkinson & Olds, 2007;
Tomkinson, 2007; Tomkinson et al., 2019). However, considering that those analyses are by
now 15 years old and that updates are available only to limited components of physical fitness,
it is time to re-analyze the literature and examine secular trends for selected components of
physical fitness (i.e., cardiorespiratory endurance, muscle strength, proxies of muscle power,
and speed). Furthermore, the available studies on children’s development of physical fitness as
well as the effects of moderating variables such as age and sex (De Miguel-Etayo et al., 2014;
Golle et al., 2015; Malina et al., 2004; Niessner et al., 2020; Santos et al., 2014; Tambalis et al.,
2016; Tomkinson et al., 2018) have been investigated within a long-term ontogenetic
perspective. However, the effects of age and sex in the transition from pre-puberty to puberty
in the ninth year of life using a short-term ontogenetic perspective and the effect of timing of
school enrollment on children’s development of physical fitness have not been clearly
identified. Therefore, the present cumulative thesis comprises of two parts. The first part
consists of a systematic review on an update on secular trends in selected components of
physical fitness (i.e., cardiorespiratory endurance, relative muscle strength, proxies of muscle
power, speed) in children and adolescents aged 6 to 18 years (Fuhner et al., 2021a). The second
part involves two cross-sectional studies. The first addresses short-term ontogenetic cross-

sectional developmental differences in physical fitness for five tests tapping health- and skill-
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related components of physical fitness in a large sample of 108,295 German eight-year old
children (Flhner et al., 2021b). The second cross-sectional study compares physical fitness of
OTK and YTK children versus keyage-children in a sample of German primary school children
(Fihner et al., 2022) to further understand children’s development of physical fitness. These
findings can provide valuable information about children’s and adolescents’ physical fitness
development to help prevent potential deficits in physical fitness as early as possible and

consequently ensure a holistic development and a lifelong healthy life.
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2. Literature Review

This literature review provides information on physical activity status of children and
adolescents nationally and internationally and outlines the association between levels of
physical activity and physical fitness as well as the relevance of physical fitness. In addition, it
summarizes the findings on previous research regarding secular trends in physical fitness and
effects of age, sex, and timing of school enrollment on children’s development of physical

fitness.

2.1 Physical activity in children and adolescents

Physical activity refers to “any bodily movement produced by skeletal muscles that results in
energy expenditure” (Caspersen et al., 1985, p. 129). According to evidence-based research, the
WHO postulates that children and adolescents aged 5 to 17 years should be physically active
for at least an average of 60 minutes a day at moderate-to-vigorous intensity (Bull et al., 2020;
World Health Organization, 2010). The WHO states that 60 minutes of daily physical activity
are enough to provide significant health benefits (e.g., physical fitness, bone health, cognitive
outcomes [i.e., academic performance, executive function], sleep) and to reduce health risks
(e.g., adiposity, mental symptoms of anxiety and depression, cardiometabolic health [i.e., blood
pressure, insulin resistance]) (Bull et al., 2020). In addition, resistance training three times a
week is recommended to strengthen muscles and bones (Bull et al., 2020; World Health
Organization, 2010). The national physical activity recommendations for Germany of the
Robert Koch Institute for children and adolescents aged 6 to 18 years even refer to a daily
physical activity time of 90 minutes. In addition, resistance training to strengthen the large

muscle groups is recommended two to three days per week (Rutten & Pfeifer, 2016).

The second wave (2014 to 2017) of the German Health Interview and Examination Survey for
Children and Adolescents (KiGGS) showed that only 22.4% of German girls and 29.4% of
German boys aged 3 to 17 years met the WHO guidelines. While the percentage of children
who met the recommended level of at least an average of 60 min physical activity per day was
comparatively high in children aged 3 to 6 years (& = 48.9%; Q@ = 42.5%), it decreased with
increasing age (& = 16.0%; @ = 7.5% in adolescents aged 14 to 17 years). In addition,
comparison of physical activity data from KiGGS wave 1 (2009 to 2012) with that from the
second wave (2014 to 2017) showed that the percentage of children and adolescents who met

the recommended level of at least an average of 60 min physical activity per day was stable
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among boys (29.7% to 29.4%), whereas it decreased among girls (25.9% to 22.4%) (Finger et
al., 2018). The low percentage of children and adolescents who meet the WHO
recommendations is not only observed in Germany but also internationally. Recently published
studies investigated the percentage of children and adolescents worldwide who met the WHO
recommendations and showed that also internationally only a small percentage of children and
adolescents (~ 20%) met the recommended level of 60 min physical activity per day (Guthold
et al., 2020; Hallal et al., 2012; Kalman et al., 2015). In addition, only a small percentage of
European adolescents aged 15 to 17 (3 = 24.7%; @ = 13.8%) met the recommended level of

muscle-strengthening activity three times a week (Bennie et al., 2021).

In the case of non-compliance with the WHO recommendations (World Health Organization,
2010), the term ‘exercise deficit disorder’ has been established in the Anglo-American language
to describe all negative health consequences of low levels of physical activity (Faigenbaum &
Myer, 2012). As childhood is an important developmental period in which fundamental
movement skills are obtained through daily physical activity to acquire motor skill competence
and movement confidence, low levels of physical activity prevent the acquirement of these
skills. Consequently, children and adolescents who do not acquire these competencies due to
physical inactivity are at higher risk of having disease risk factors and developing negative
health outcomes later in life (Bull et al., 2020; Faigenbaum & Myer, 2012). The lack of physical
activity has far-reaching consequences for children and adolescents, as physical activity
behavior during the formative stages of development (i.e., childhood and adolescence) is
relatively stable and can affect behavior as an adult (i.e., a physically active / inactive child is
also very likely to be a physically active / inactive adult) (Fraser et al., 2017, 2021; Garcia-
Hermoso et al., 2019; Ortega et al., 2008; Poitras et al., 2016; Telama et al., 2014). For instance,
based on a 27-year longitudinal study with 3,596 Finnish boys and girls aged 3 to 18 years,
Telama et al. (2014) reported that physical activity levels during childhood and adolescence
extended into adulthood with moderate-to-high stability. Fraser et al. (2017) pointed to a similar
finding in a longitudinal study of muscle strength with 623 boys and girls at ages 9, 12, and 15
years. A follow-up measurement after 20 years showed that the level of muscle strength in
childhood extended into adulthood with moderate stability. Thus, high amounts of physical

activity are an important foundation for a lifelong healthy life.

There is evidence from cross-sectional (Katzmarzyk et al., 1998; Mayorga-Vega et al., 2019;
Wrotniak et al., 2006) and longitudinal studies (Larsen et al., 2015) of positive correlations
between levels of physical activity and physical fitness. For instance, Wrotniak et al. (2006)

reported that levels of moderate-to-vigorous physical activity (measured by accelerometers)
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showed positive correlations with various components of physical fitness (muscular strength
[i.e., standing long jump] r = 0.40; speed [i.e., running speed] r = - 0.36) in children aged 8 to
10 years. These results were proved in a 3-year longitudinal study with children aged 6 to 12
years that showed positive associations between levels in moderate-to-vigorous physical
activity (measured by accelerometers) and different components of physical fitness (muscle
strength [i.e., handgrip] p =0.06); proxies of muscle power [i.e., vertical jump] B =0.04)
(Larsen et al., 2015).

2.2 Relevance of children’s and adolescents’ physical fitness

Evidence-based research shows that physical fitness is an important indicator of children’s and
adolescents’ health (Ortega et al., 2008). According to Caspersen et al. (1985), physical fitness
can be classified as health- (i.e., cardiorespiratory endurance, muscular endurance, muscular
strength, body composition, and flexibility) and skill-related (i.e., agility, balance, coordination,
speed, [muscle] power, and reaction time) components of physical fitness. Foremost
cardiorespiratory endurance (Mintjens et al., 2018) and muscle strength (Garcia-Hermoso et al.,
2019; Rodrigues de Lima et al., 2020; Smith et al., 2014) showed the strongest associations
with indicators of health in children and adolescents. For instance, in a systematic review,
Mintjens et al. (2018) showed that performance levels in cardiorespiratory endurance were
positively associated with body mass index (BMI), waist circumference, body fatness, and
prevalence of metabolic syndrome. In addition, Garcia-Hermoso et al. (2019) showed that
measures of muscle strength were positively related with BMI, skinfold thickness, insulin

resistance, triglycerides, cardiovascular disease risk score, and bone mineral density.

Accordingly, the relevance of physical fitness for children’s and adolescents’ health is
indisputable and it is crucial to regularly assess and evaluate children’s and adolescents’
individual physical fitness status to detect potential negative health consequences in time.
Physical fitness tests are easy-to-administer, reliable, and valid which is why they should be
widely used to provide information on performance development and health status of children
and adolescents (Pate, 1991).

Normally, the word development relates to a longitudinal process and intraindividual growth.
However, in this present doctoral thesis development refers on the one hand to secular trends
(i.e., developmental changes of physical fitness over time) and on the other hand describes the
ontogenetic cross-sectional development of physical fitness with increasing age (i.e., within-

year developmental profiles). Thus, when talking about secular trends in physical fitness the
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perspective is on how physical fitness status of children and adolescents developed over the
past decades (i.e., increase, stagnation, or decrease). In addition, physical fitness cannot only
change / develop over time but also develops with increasing age particularly during childhood
and adolescence due to growth (i.e., increasing body mass and body height) and maturation

processes (Malina et al., 2004).

The following chapters briefly summarize previous research with regard to secular trends in
physical fitness and the effects of age, sex, and timing of school enrollment on children’s

development of physical fitness.

2.2.1 Secular trends in physical fitness

According to Faigenbaum et al. (2018), low levels of physical activity (i.e., exercise deficit
disorder) negatively impact physical fitness. Thus, it is not surprising that there is already
evidence in the literature of secular trends in physical fitness. Secular trend analyses examine

the extent to which physical fitness changes over time (Albrecht et al., 2016).

Probably the best-known studies about secular trends in physical fitness are those conducted by
Tomkinson (2007) and Tomkinson and Olds (2007). They summarized the existing literature
on secular trends for cardiorespiratory endurance, proxies of muscle power, and speed for the
timespan between 1958 and 2003. Their analysis considered physical fitness data of 25,000,000
to 50,000,000 children and adolescents aged 6 to 19 years from all over the world. Between
1958 and 2003, cardiorespiratory endurance declined by - 0.36% p.a. A detailed analysis
revealed that between 1958 and 1970 cardiorespiratory endurance first increased by + 0.61%
p.a. before declining by - 0.54% p.a. (Tomkinson & Olds, 2007). In contrast, proxies of muscle
power and speed increased by + 0.03% p.a. and + 0.04% p.a. between 1958 and 2003
(Tomkinson, 2007). However, a detailed analysis again revealed different patterns over time
showing that between 1958 and 1985 both components first increased (proxies of muscle power
[+0.44% p.a.]; speed [+ 0.27% p.a.]) before both components declined (proxies of muscle
power [- 0.20% p.a.]; speed [- 0.08% p.a.]) (Tomkinson, 2007).

Recently these two well-known studies were updated for cardiorespiratory endurance using data
on the 20-m shuttle run test (Tomkinson et al., 2019), for muscle strength using data on handgrip
strength (Dooley et al., 2020) and sit-up test (Kaster et al., 2020)3, and for proxies of muscle

3 The updates on secular trends in physical fitness conducted by Kaster et al. (Kaster et al., 2020) and Tomkinson et al.
(Tomkinson et al., 2021) were not yet published when the first publication (Flihner et al., 2021a) was written.
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power using data on standing long jump test (Tomkinson et al., 2021)3. In their update on
cardiorespiratory endurance (i.e., 20-m shuttle run test), they summarized data for 965,264
children and adolescents aged 9 to 17 years living in 19 different countries between 1981 and
2014. Their results showed that the international rate of decline in cardiorespiratory endurance
has diminished and stabilized since 2000 (Tomkinson et al., 2019). Furthermore, a recently
published update of secular trends in muscle strength using handgrip strength data of 2,216,320
children and adolescents aged 9 to 17 years living in 19 countries showed that the international
rate of improvement in handgrip strength continuously improved between 1967 and 2017
(Dooley et al., 2020). In addition, the analysis of secular trends on muscle strength (i.e., sit-up
test) including data for 9,939,289 children and adolescents aged 9 to 17 years living in 31
countries showed that internationally rate of muscle strength improvement has slowed between
1964 to 2000, then stabilized until 2010, before declining (Kaster et al., 2020). Moreover, the
update on secular trends in proxies of muscle power (i.e., standing long jump test) including
data for 10,940,801 children and adolescents aged 9 to 17 years living in 29 countries showed
that the international rate of proxies of muscle power improvement between 1960s and 1980s
has slowed in 1990s, before declining (Tomkinson et al., 2021).

Particularly the two popular studies conducted by Tomkinson (2007) and Tomkinson and Olds
(2007) were the starting point for e.g. international promotion of physical activity and physical
fitness in children and adolescents, especially by the WHO (2018). Considering the extensive
promotion of physical activity and physical fitness by the WHO in recent years, it seems
necessary to conduct regular updates of these secular trend analyses. However, these updates
have only been conducted for cardiorespiratory endurance using estimated VOzpeak from the 20-
m shuttle run test (Tomkinson et al., 2019), absolute muscle strength data from handgrip
dynamometry (Dooley et al., 2020), relative muscle strength data from sit-up test (Kaster et al.,
2020), and proxies of muscle power data using standing long jump test (Tomkinson et al.,
2021). Thus, secular trends for other components of physical fitness such as relative muscle
strength or speed remain unknown. Furthermore, it is also necessary to widen the perspective
on cardiorespiratory endurance and proxies of muscle power, i.e., to consider different tests to
the 20-m shuttle run test or the standing long jump test in the analyses. Consequently, there is
a need to fill this gap in the literature and complement the body of knowledge regarding secular

trends in selected components of physical fitness.

Since the publication of the two popular studies by Tomkinson (2007) and Tomkinson and Olds
(2007) numerous original studies were published analyzing secular trends in various

components of physical fitness, over different time periods, in different countries around the
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world, and in diverse samples (for an overview of these studies see Publication I). For instance,
Venckunas et al. (2017) examined secular trends in various components of physical fitness (i.e.,
balance, flexibility, muscular strength, proxies of muscle power, agility, and cardiorespiratory
endurance) in 16,199 Lithuanian children and adolescents aged 11 to 18 years between 1992,
2002, and 2012. They reported decreases in cardiorespiratory endurance (i.e., 20-m shuttle run
test) and proxies of lower limbs muscle power (i.e., standing long jump test) between 1992,
2002, and 2012 for all age groups and both sexes (Venckunas et al., 2017). In contrast, based
on data from the KiGGS study, Albrecht et al. (2016) stated that cardiorespiratory endurance
(i.e., PWC 170 cycle ergometer test) increased for 1,694 German adolescents aged 11 to 13
years for nearly the same time period between 2003 and 2012. In addition, Costa et al. (2017)
reported that proxies of muscle power (i.e., standing long jump test) increased in 987
Portuguese adolescents aged 10 to 11 years between 1993 and 2013. In summary, these three
selected original studies exemplify that national studies reported mixed results regarding
secular trends for the same components of physical fitness over recent decades. This
reemphasizes the need for a comprehensive study to update currently available systematic
reviews and meta-analysis to provide an overview of the development of children’s and
adolescents’ physical fitness status worldwide. For example, if children’s and adolescents’
physical fitness performance decreased over time, this alarming result can be used to design
national or international initiatives in physical fitness promotion to ensure a holistic

development and a lifelong healthy life.

2.2.2 Effects of age and sex

Physical fitness develops progressively during childhood and adolescence and is modulated by
age and sex (De Miguel-Etayo et al., 2014; Golle et al., 2015; Malina et al., 2004; Niessner et
al., 2020; Santos et al., 2014; Tambalis et al., 2016; Tomkinson et al., 2018). Accordingly, many
studies worldwide (Castro-Pifiero et al., 2010; Catley & Tomkinson, 2013; De Miguel-Etayo et
al., 2014; Dobosz et al., 2015; Golle et al., 2015; Niessner et al., 2020; Ortega et al., 2011; Roriz
de Oliveira et al., 2014; Santos et al., 2014; Tambalis et al., 2016; Tomkinson et al., 2018)
revealed developmental gains in physical fitness from childhood to adolescence (De Miguel-
Etayo et al., 2014; Dobosz et al., 2015; Golle et al., 2015; Niessner et al., 2020; Ortega et al.,
2011; Santos et al., 2014; Tambalis et al., 2016). Boys show better performances compared to
girls during childhood and adolescence in most components of physical fitness (Castro-Pifiero
et al., 2010; Catley & Tomkinson, 2013; De Miguel-Etayo et al., 2014; Dobosz et al., 2015;
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Fraser et al., 2019; Lisowski et al., 2020; Ortega et al., 2011; Roriz de Oliveira et al., 2014;
Santos et al., 2014; Tambalis et al., 2016; Tomkinson et al., 2018), except for balance (De
Miguel-Etayo et al., 2014; Dobosz et al., 2015) and flexibility (Catley & Tomkinson, 2013; De
Miguel-Etayo et al., 2014; Dobosz et al., 2015; Golle et al., 2015; Lisowski et al., 2020; Ortega
etal., 2011; Roriz de Oliveira et al., 2014; Santos et al., 2014; Tambalis et al., 2016; Tomkinson
etal., 2018).

However, when taking a closer look at the development of physical fitness components, sex-
and age-differential developmental differences between the components occur. For instance, in
a four-year longitudinal study including 240 children, Golle et al. (2015) highlighted sex- and
age-differential developmental differences for different components of physical fitness in
children aged 9 to 12 years. These components comprised of cardiorespiratory endurance (i.e.,
9-min-run test), coordination (i.e., star-run test), speed (i.e., 50-m linear sprint test), proxies of
lower (i.e., triple hop test) and upper (i.e., ball-push test) limbs muscle power. They reported
that speed as well as proxies of lower and upper limbs muscle power were characterized by a
mostly linear trajectory, whereas cardiorespiratory endurance and coordination followed a
curvilinear development (Golle et al., 2015). These age-related differences are mostly due to
growth (i.e., increasing body mass and body height) and maturation processes during childhood
and adolescence (Malina et al., 2004). For instance, increasing body mass may have a positive
effect on ball-push test performance but a negative effect on performance in tests such as the
9-min-run test which requires the constant acceleration of the body (Drenowatz et al., 2021).
Furthermore, the fact that boys persistently showed better results than girls in all physical fitness
tests (Golle et al., 2015) can be attributed to differences in muscle mass favoring boys, as there
is evidence that prepuberal boys have on average 3.7% larger muscle mass than girls (Kanehisa
et al., 1995; Malina et al., 2004). Consistent with this argument, Golle et al. (2015) reported
larger sex differences in physical fitness tests requiring muscle mass (e.g., ball-push test) than
tests of motor coordination (e.g., star-run test). This finding is supported by a study conducted
by Overmann (2004). The author did not find any significant sex differences in cognitive tasks

in children between three years of age and puberty.

The longitudinal study of Golle et al. (2015) and other above mentioned cross-sectional studies
(Dobosz et al., 2015; Niessner et al., 2020; Ortega et al., 2011; Santos et al., 2014; Tambalis et
al., 2016; Tomkinson et al., 2018) reported performance enhancements for all components of
physical fitness during childhood and adolescence. All of these studies have in common that
they examined a wide age range spanning childhood to adolescence (e.g., 9 to 17 years

(Tomkinson et al., 2018)), that is a long-term ontogenetic perspective. However, a short-term
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ontogenetic perspective (i.e., focusing on a single year of life) might unveil different growth
trajectories that might be overlooked within a long-term ontogenetic perspective. For example,
the situation of boys’ and girls’ divergence during puberty might be different during prepuberty.
Girls mature visibly about two years earlier than boys (Stratton & Oliver, 2020), but sex
hormones rise already considerably starting at eight years of age (Marshall & Tanner, 1969,
1970; Rosenfield et al., 2009). If the early rise of sex hormones is related to body composition,
the question arises whether there is evidence for faster development of girls than boys in this
single year of life (i.e., ninth year), leading to a convergence of performance in physical fitness
during the transition from pre-puberty to puberty. A long-term ontogenetic perspective on this
question might be too ‘long’ to unveil any differences, therefore a short-term ontogenetic

perspective might be the better approach.

A reanalysis of the longitudinal data of Golle et al. (2015) revealed that neither the short-term
ontogenetic age differences nor the interactions with sex were significant within a single year
of assessment (i.e., between 9.00 and 9.99 years old; see insets in Fig. 1 and Supplement B of
Publication I1). The only significant interaction between age and sex was found for proxies of
upper limbs muscle power (see right panel in Fig. 1 of Publication II) suggesting divergence
between boys and girls. However, the lack of evidence for significant cross-sectional age
differences and their interactions with sex within a single year of life at a prepubertal age should
not be taken as a proof for their lack (Altman & Bland, 1995), because statistical power may
not have been strong enough. Yet, cross-sectional age differences and their interactions with
sex within a single year of life at a prepubertal development stage have not been examined
within a very large representative sample (> 100,000 children). With a large sample it is
possible to zoom into a cross-sectional short-term ontogenetic window that might reveal new
insights that can further the understanding of children’s development of physical fitness.
Furthermore, findings can be helpful for an individual evaluation of children’s physical fitness

status.

2.2.3 Effect of timing of school enroliment

The studies on the development of physical fitness during childhood and adolescence
mentioned in chapter 2.2.2 were conducted in children and adolescents aged 5 to 18 years. All
studies have in common that children and adolescents were divided into whole-year age groups.
These whole-year age groups are also found in many areas of children's daily lives. For instance,

children are divided into grades within schools or in 1-year age teams within sport clubs.
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However, those whole-year age groups are not without limitations because the relative age
varies depending on the specific cut-off date. Within schools, children are matched into grades
based on their date of birth and a country-specific school enrollment date. For instance, in the
Federal State of Brandenburg, Germany September 30™ is the official date for school
enrollment. Accordingly, children who are between 6.00 and 6.99 years old on September 30™
are enrolled to school (i.e., keyage-children in first grade). This age grouping can result in an
age-difference between children of nearly one year (Sandercock et al., 2013): children born on
September 30" or slightly later are at the extreme end almost 1 year older than their classmates
born later in August. These differences in birthdate can affect anthropometric characteristics
(e.g., body height, body mass) as well as physical fitness (e.g., muscular strength, proxies of
muscle power, cardiorespiratory endurance, or speed) (Cobley et al., 2009) because physical
fitness performance develops with increasing age during childhood and adolescence (De
Miguel-Etayo et al., 2014; Dobosz et al., 2015; Niessner et al., 2020; Ortega et al., 2011; Santos
et al., 2014; Tambalis et al., 2016). Therefore, within a school grade, the relatively older ones
(i.e., born near to the cut-off date) may show better performances than their relatively younger
classmates (i.e., born later to the cut-off date) because of differences in relative age (Cobley et
al., 2009; Musch & Grondin, 2001). In fact, the second publication of this doctoral thesis
showed that physical fitness developed linearly with chronological age in a sample of 108,295
keyage third graders (i.e., children aged 8.00 to 8.99 years) (Fihner et al., 2021b). Moreover,
the second publication indicated that even within the single ninth year of life, the relatively
older classmates (i.e., aged 8.5 to 8.99 years) significantly showed better performances
compared to their younger classmates (i.e., aged 8.0 to 8.49 years) in physical fitness (Fihner
etal., 2021b).

However, within one school grade, there are also children who are younger (YTK) or older
(OTK) than keyage-children because of early or late school enrollment, skipping or repetition
of a school year. For example, due to individual developmental processes, parents have the
option to enroll a gifted child earlier or a slow developing child later (Ministerium fir Bildung
Jugend und Sport, 2018). According to official statistics of the Federal State of Brandenburg
(Germany), 1% of primary school children are enrolled earlier into school, i.e. they are younger
than 6.00 years (Ministerium fur Bildung Jugend und Sport, 2021a), 15% are enrolled later into
school, i.e., they are older than 6.99 years (Ministerium fiir Bildung Jugend und Sport, 2021a),
and 1% have to repeat a school year (Ministerium fur Bildung Jugend und Sport, 2021b).

Given that there are already large differences in physical fitness within the group of keyage-
children (Fihner et al., 2021b), the question arises how physical fitness of OTK and YTK
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children develops compared to keyage-children. However, the effect of timing of school
enrollment on physical fitness development remains unclear and it has not yet been investigated
how physical fitness of OTK and YTK children develops compared to keyage-children.

Studies from a related research topic analyzing academic performance of OTK and YTK
children compared to keyage-children revealed large divergencies in academic performance
(Jaekel et al., 2015; Martin, 2009; Urschitz et al., 2003). For instance, in a study including 1,144
German third graders, Urschitz et al. (2003) revealed that especially OTK children aged > 9.00
years showed worse academic performance (i.e., grades in mathematics, science, reading,
spelling, and handwriting) than keyage-children. In a study including 3,684 Australian high
school students aged 14 years, Martin (2009) revealed that YTK children showed significantly
better academic performance (i.e., performance in literacy and numeracy) compared to keyage-
children. However, this has not yet been analyzed for physical fitness. The findings can further
the understanding of children’s physical fitness development and can be interesting for physical
education teachers to individually evaluate student’s physical fitness considering their age, sex,
and timing of school enrollment. According to these information physical education teachers
can create a learning setting for each child based on his / her individual needs to guarantee a

holistic development (Marta et al., 2012).
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3. Research objectives and hypotheses

The relevance of physical fitness for children’s and adolescents’ health is indisputable and it is
crucial to regularly assess and evaluate children’s and adolescents’ individual physical fitness
status to detect potential negative health consequences in time. Physical fitness tests are easy-
to-administer, reliable, and valid which is why they should be widely used to provide
information on performance development and health status of children and adolescents (Pate,
1991).

Although the development of children’s and adolescents’ physical fitness has been extensively
described and analyzed in the literature, still some questions remain unknown that will be
addressed in the present doctoral thesis to complement the knowledge of children’s and
adolescents’ physical fitness development. Those findings can be used to prevent potential
deficits in physical fitness as early as possible and consequently ensure a holistic development

and a lifelong healthy life.

Previous systematic reviews and meta-analyses have examined secular trends in children’s and
adolescents’ physical fitness (Dooley et al., 2020; Tomkinson & Olds, 2007; Tomkinson, 2007,
Tomkinson et al., 2019). However, considering that those analyses are by now 15 years old and
that updates are available only to limited components of physical fitness, it is time to re-analyze
the literature and examine secular trends for selected components of physical fitness (i.e.,
cardiorespiratory endurance, muscle strength, proxies of muscle power, and speed).
Furthermore, the available studies on children’s development of physical fitness as well as the
effects of moderating variables such as age and sex (De Miguel-Etayo et al., 2014; Golle et al.,
2015; Malina et al., 2004; Niessner et al., 2020; Santos et al., 2014; Tambalis et al., 2016;
Tomkinson et al., 2018) have been investigated within a long-term ontogenetic perspective.
However, the effects of age and sex in the transition from pre-puberty to puberty in the ninth
year of life using a short-term ontogenetic perspective and the effect of timing of school
enrollment on children’s development of physical fitness have not been clearly identified.
Therefore, the primary aims of this doctoral thesis were to update secular trend analysis in
selected components of physical fitness in children and adolescents, to examine short-term
ontogenetic cross-sectional developmental differences in children’s physical fitness, and to
compare physical fitness of OTK and YTK children versus keyage-children to further

understand children’s development of physical fitness (Figure 1).
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Secular trends, age, sex, and timing of school enrollment effects on physical fitness in children and adolescents

[ Systematic review ] Cross-sectional studies
Secular trend Effects of Effect of
ecufar frends age and sex timing of school enrollment

Publication I Publication II Publication I11
Fiihner et al., 2021a, Sports Med Fihner et al., 2021b, Sci. Rep. Fiihner et al., 2022, Sci. Rep.
An update on secular trends in physical Age and sex effects in physical fitness Effect of timing of school enrollment on
fitness of children and adolescents from components of 108,295 third graders physical fitness in third graders
1972 to 2015: a systematic review including 515 primary schools and 9
cohorts
Figure 1 Schematic overview of the aims of the three publications (I, 11, 111} included in this doctoral thesis

examining secular trends, age, sex, and timing of school enrollment effects on physical fitness in
children and adolescents.

The research objectives and hypotheses of this doctoral thesis are based on the literature review

in chapter 2 and can be summarized as follows.

Objective 1

The first objective was to provide an ‘update’ on secular trends in selected components of
physical fitness (i.e., cardiorespiratory endurance, relative muscle strength, proxies of muscle

power, speed) in children and adolescents aged 6 to 18 years.
Hypothesis 1

With reference to recently published studies (Dooley et al., 2020; Tomkinson et al., 2018) and
due to the ongoing international promotion of physical activity and physical fitness (World
Health Organization, 2018), a positive trend in physical fitness development of children and
adolescents over time was hypothesized. In addition, it was expected that secular trends are
heterogeneous in direction and magnitude and specific to the respective physical fitness

component under consideration (see chapter 2.2.1).
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Objective 2

The second objective was to quantify short-term ontogenetic cross-sectional developmental
differences in physical fitness for five tests comprising health- and skill-related components of

physical fitness in a large sample of 108,295 German eight-year old children.
Hypothesis 2

In this single year of life, it was expected to detect age differences that were not significant in
the longitudinal study of Golle et al. (2015). Indeed, it was hypothesized that the component
differences in developmental gains would be in general agreement with those in the longitudinal
study of Golle et al. (2015) because gains should be larger (favoring older children) in tests that
do not require continuous acceleration of the body as with the ball-push test vs the 9-min-run
test (Drenowatz et al., 2021). Similarly, as in Golle et al. (2015) the test-related sex effects
would be larger, the more muscle mass is required to perform a physical fitness test (Kanehisa
etal., 1995; Malina et al., 2004) (favoring boys) and less for tests involving motor coordination
(Overman, 2004) (see chapter 2.2.2).

Objective 3

Based on the cross-sectional study design (explained in objective two) with annual physical
fitness assessments from 2011 to 2019, secular trends have to be taken into account as a source
of variance in physical fitness data. Therefore, the third objective was to examine secular trends
in five health- and skill-related components of physical fitness in a sample of 108,295 German

eight-year old children.
Hypothesis 3

It was hypothesized that the results would be in line with recent systematic reviews and show
a decline in cardiorespiratory endurance and an increase in speed (Flhner et al., 2021a;
Tomkinson et al., 2019) (see chapter 2.2.1).

Objective 4

The fourth objective was to compare physical fitness of OTK and YTK children with keyage-
children in a sample of German primary school children taking age, sex, school, and assessment

year into account.
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Hypothesis 4

With reference to the relevant school-based studies on differences in academic performance of
OTK and YTK children versus keyage-children (Jaekel et al., 2015; Martin, 2009; Urschitz et
al., 2003), it was hypothesized that OTK children would show poorer and YTK children better

physical fitness compared with keyage-children (see chapter 2.2.3).

For this purpose, a systematic review and two cross-sectional studies were conducted and three

manuscripts were prepared (Figure 1) and published in international peer-reviewed journals.

The publications will be cited in this thesis with the following numbering:

Publication |

Publication 11

Publication 111

Fahner, T., Kliegl, R., Arntz, F., Kriemler, S., & Granacher, U. (2021a). An
update on secular trends in physical fitness of children and adolescents from
1972 to 2015: a systematic review. Sports Medicine, 51, 303-320.
https://doi.org/10.1007/s40279-020-01373-x

The final publication is available at:

https://link.springer.com/article/10.1007/s40279-020-01373-x

Fuhner, T., Granacher, U., Golle, K., & Kliegl, R. (2021b). Age and sex effects
in physical fitness components of 108,295 third graders including 515 primary
schools and 9 cohorts.  Scientific  Reports, 11, 17566.
https://doi.org/10.1038/s41598-021-97000-4

The final publication is available at:

https://www.nature.com/articles/s41598-021-97000-4

Fihner, T., Granacher, U., Golle, K., & Kliegl, R. (2022). Effect of timing of
school enrollment on physical fitness in third graders. Scientific Reports, 12,
7801. https://doi.org/10.1038/s41598-022-11710-X

The final publication is available at:

https://www.nature.com/articles/s41598-022-11710-x
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4. Materials and methods

The following chapter briefly summarizes the participants’ characteristics, the experimental
procedures, the data collection and processing, and the statistical analyses. The applied
methodological approach in this doctoral thesis was based on the deduced research hypotheses.
Detailed information on materials and methods are provided in the respective sections of

Publications I, 11, and IlI.

4.1 Participants

The two cross-sectional studies (Publications 11 and I11) were part of the ongoing EMOTIKON
project (www.uni-potsdam.de/en/emotikon). Starting in 2009, physical fitness of all third
graders living in the Federal State of Brandenburg, Germany is being tested annually (see
Chapter 4.2).

The study sample in Publication 11 consisted of 108,295 healthy children from 515 different
primary schools who had been enrolled within the legal key date of the Federal State of
Brandenburg, that is in a given year of school enrollment they were at least 6.00 and at most
6.99 years old on September 30" and, therefore, varied between 8.00 and 8.99 years in the third
grade (i.e., keyage-children). The study sample in Publication 111 focused on third graders who
are younger (i.e., 7.00 to 7.99 years) or older (i.e., 9.00 to 9.99) than keyage-children. Younger
children are enrolled in third grade for reasons such as early enrollment into school or if they
skip a grade (i.e., younger-than-keyage [ Y TK] children). In contrast, older children are enrolled
in third grade for reasons such as delayed enrollment into school or if they repeat a grade (i.e.,
older-than-keyage [OTK] children). Accordingly, 2,586 healthy YTK children aged 7.00 to
7.99 years and 26,540 healthy OTK children aged 9.00 to 9.99 years were included.

The two cross-sectional studies were mandated and approved by the Ministry of Education,
Youth and Sport of the Federal State of Brandenburg, Germany. The Brandenburg School Law
(Ministerium flr Bildung Jugend und Sport, 2018) requires that parents are comprehensively
informed prior to the start of the study. Consent was however not needed as the tests are
obligatory for both, children and schools. Information in detail regarding the participants and
participants’ exclusion criteria can be found in the “Methods” section of the respective

published manuscripts (see Publications Il and I11).
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4.2 Experimental procedures

In Publication |, a systematic review on secular trends in selected components of physical
fitness in children and adolescents was conducted. To ensure a standardized process, the
systematic review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) statement guidelines (Liberati et al., 2009;
Moher et al., 2009). Studies identified through a systematic computerized literature search in
the electronic databases PubMed and Web of Science were included in the systematic review if
they provided relevant information with regards to a modified PICOS approach (Liberati et al.,

2009). The considered parameters were population, outcomes, and study design.

Physical fitness tests for the two cross-sectional studies were administered to all third graders
in the Federal State of Brandenburg, Germany annually between September and November
from 2011 to 2019. Physical fitness was assessed with the EMOTIKON test battery (see chapter
4.3.1).

Physical fitness tests were administered by qualified physical education teachers of each school
according to standardized test protocols during the regular physical education classes in the
participating primary schools. Prior to testing, all third graders completed a standardized warm-
up program consisting of various running exercises (e.g., side-steps) and small games (e.g.,
playing tag). Detailed information on the experimental procedures is presented in the

“Methods” section of the respective Publications I, 11, and III.

4.3 Data collection and processing

Both cross-sectional studies (Publications 11 and 111) were conducted in the respective primary
schools of the Federal State of Brandenburg, Germany. Measurements comprised the

assessment of physical fitness.

4.3.1 Systematic literature search

A systematic computerized literature search was conducted in the electronic databases PubMed
and Web of Science to identify studies that explicitly examined secular trends in physical fitness
in healthy children and adolescents. To locate studies about secular trends in children’s and
adolescents’ physical fitness, a Boolean search strategy was used. The detailed search strategy

can be found in the “Methods” section of the Publications I. In addition, reference lists of each
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article as well as relevant review articles and meta-analyses were cross-referenced / screened
to locate further suitable references to be considered in the systematic review. Studies were
integrated in the systematic review if they gave relevant information with regards to a modified
PICOS approach (Liberati et al., 2009). The considered parameters were population, outcomes,
and study design. A detailed list of the predefined inclusion and exclusion criteria can be found
in the “Methods” section of the Publication I. All identified studies were coded for the variables:
nationality, physical fitness components, chronological age, sex, and trends. The relevant data
were extracted in an Excel spreadsheet from all included studies. If studies included several
tests of the same physical fitness component, only one test was used. Detailed information on

the coding of studies is presented in Publication I.

4.3.2 Assessment of physical fitness

Physical fitness was assessed through the EMOTIKON test battery. The five tests measured
cardiorespiratory endurance (i.e., 6-min-run test), coordination (i.e., star-run test), speed (i.e.,
20-m linear sprint test), and proxies of lower (powerLOW [i.e., standing long jump test]) and
upper limbs (powerUP [i.e., ball-push test]) muscle power. The EMOTIKON test battery
officially comprises of six tests. In 2016, the assessment of flexibility (i.e., stand-and-reach test)
was replaced by the assessment of balance (i.e., single-leg balance test with eyes closed).
However, due to the much smaller number of scores and their confound with assessment year
(Augste & Kunzell, 2014; Hjorth et al., 2013) these two tests were not included in both cross-
sectional studies. Detailed information on the assessment of each physical fitness component is

presented in the respective “Methods” sections of the Publications Il and I11.
Cardiorespiratory endurance

Cardiorespiratory endurance was evaluated using the 6-min-run test. Participating children had
to run the furthest possible distance during the six minutes test time around a volleyball field
(i.e., 54 m) at a self-paced velocity. After the six minutes, maximal distance covered in meters
was recorded. The 6-min-run test was reliable (test-retest) for children aged 7 to 11 years with
an intraclass correlation coefficient (ICC) of 0.92 (Bos, 2009).

Coordination

Coordination under time pressure was assessed using the star-run test. During the star-run test,
the participating children had to complete a parkour using different running techniques (i.e.,

running forwards, running backwards, side-steps) as quickly as possible. A detailed description
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of the star-run test can be found in the respective “Methods” sections of the Publications 11 and
I11. Time for test completion in seconds was taken using a stopwatch. The star-run test was
reliable (test-retest) for children aged 8 to 10 years with an ICC of 0.68 (Schulz, 2013).

Speed

Speed was evaluated using the 20-m linear sprint test. After an acoustic signal, the participating
children had to sprint as fast as possible over a distance of 20 m. Time for test completion was
taken using a stopwatch. High test-retest reliability was reported for the 20-m linear sprint test
with an ICC of 0.90 in children aged 7 to 11 years (Bos, 2009).

Proxies of lower limbs muscle power (PowerLOW)

PowerLOW was tested through the standing long jump test. The participating children had to
jump as far as possible from a frontal position. Jump distance was recorded using a measuring
tape. Test-retest reliability has been reported to be high for children aged 6 to 12 years with an
ICC of 0.94 (Fernandez-Santos et al., 2015).

Proxies of upper limbs muscle power (PowerUP)

Power up was assessed with the ball-push test. From a standing position, the participating
children had to push a 1 kg medicine ball that was held tight right in front of the chest. The
pushing distance was recorded using a measuring tape. The ball-push test showed high test-
retest reliability for children aged 8 to 10 years with an ICC of 0.81 (Schulz, 2013).

4.4 Statistical analyses

In all three publications statistical inference was based on Linear Mixed Models (LMM). LMM
as well as pre- and post-processing of data were carried out in the R environment of statistical
computing (R Core Team, 2020) and in the Julia programming language (Bezanson et al.,
2017). Detailed information on pre- and post-processing of data, the R and Julia packages, and
the model selection processes can be found in the respective “Methods” sections as well as in
the supplementary materials of Publications I, Il, and IIl. The following sections briefly

summarize the final LMMs of each publication.
Publication I

To provide an ‘update’ on secular trends in selected components of physical fitness, a LMM
estimated the effects of sex and linear, quadratic, and cubic secular trends nested under the four

components of physical fitness (i.e., 8 x 4 = 32 fixed effects). For each observation, year of
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assessment was centered at 1990 (i.e., at the midpoint of first-year assessments between 1974
and 2006 across studies). The nested model specification denoted that for each of the four
physical fitness components, the main effect of sex, the secular trend (i.e., three parameters for
linear, quadratic, and cubic component), and the interactions between sex and secular trend
were estimated. The LMM included the 22 studies of the systematic review as levels of a
random factor. The final model considered study-related variance components (VCs) for
cardiorespiratory endurance, relative muscle strength, sex, and linear yearly trends for
cardiorespiratory endurance, relative muscle strength, and proxies of muscle power. With this
random-effect structure, none of the high-order interactions between sex and quadratic or cubic
secular trends were significant. Therefore, these eight fixed effects were removed from the
LMM. The final LMM estimated 24 fixed effects, six VCs, and the residual variance. A |z|-
value > 2.0 was adopted as a criterion for rejection of the null hypothesis.

Publication 11

To examine short-term ontogenetic cross-sectional developmental differences in physical
fitness, a LMM was used for statistical inference. As fixed effects, four sequential-difference
contrasts for the physical fitness components were specified: (H1) coordination vs.
cardiorespiratory endurance, (H2) speed vs. coordination, (H3) powerLOW vs. speed, and (H4)
powerUP vs. powerLOW. In addition, the effect of age (centered at 8.50 years) as a second-
order polynomial trend, the effect of sex, and all interactions between contrasts, age, and sex
were considered as fixed effects. Considering the large number of observations, children, and
schools, a two-sided |z|-value > 3.0 was used as significance criterion for interpretating the fixed

effects.

The final LMM considered the three random factors child (N = 108,295), school (N = 515), and
assessment year (N = 9). The random effect structure included: Grand Mean (varying intercepts)
for all three random factors; component-related VVCs and correlation parameters (CPs) for child;
component-, age, and sex-related VCs and CPs for school; and component-related VVCs for
assessment year. The final LMM was also estimated with two alternative parameterizations that
did not change the goodness of fit but provided information about CPs between test scores

instead of test effects (i.e., contrasts).
Publication 111

To compare physical fitness development of YTK and OTK children with that of keyage-
children, the physical fitness performance for ages 7.00 to 7.99 and 9.00 to 9.99 years was
predicted using parameter estimates of the final LMM used in Publication II. Through this
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predication analyses information on physical fitness performance of keyage-children at the ages

7.00 to 7.99 years and 9.00 to 9.99 years was obtained.

Through physical fitness testing in EMOTIKON, the actual physical fitness status of YTK
children and OTK children was obtained, that is the children’s observed physical fitness z-
scores. The difference between observed and predicted z-scores provided a delta z-score that
was used as dependent variable in the following LMMs to compare physical fitness
development of YTK and OTK children (i.e., obtained scores through physical fitness testing)
with that of keyage-children (i.e., predicted data).

The data were analyzed with separate LMMs for OTK and YTK children. For both LMMs, the
four sequential-difference contrasts for the physical fitness components used in Publication 11
were included. The LMM for OTK children also considered the effect of age (centered at 8.50
years) as a second-order polynomial trend, the effect of sex, and all interactions between
contrasts, age, and sex as fixed effects. A two-sided |z|-value > 2.0 was adopted as significance

criterion for the interpretation of fixed effects.

The final LMM for OTK children considered the three random factors child (N = 26,540),
school (N =513), and assessment year (N = 9). The random effect structure included VCs and
CPs between delta z-scores of the five components for child, VCs between delta z-scores of the
five components for school, age-related VVCs for school, and a Grand Mean (varying intercept)
for assessment year. The random-effect structure of the parsimonious LMM of delta z-scores
was expected to be simpler than the one for the LMM of the reference population in Publication
I because of the much smaller number of children and because many of the effects, VCs and

CPs were already part of the predicted z-scores.

Because of the relatively small sample size of YTK children (N = 2,586) compared to OTK
children (N = 26,540), the complexity of the final LMM for YTK children was considerably
reduced. The final LMM for YTK children included child (N = 2,586), school (N = 437), and
assessment year (N = 9) as three random factors. The random effect structure included VCs and
CPs between delta z-scores of the five components for child, and VCs between delta z-scores

of the five components for school.
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5. Results

The following chapter provides a brief summary of the main results of Publications I, 11, and
Il included in the present doctoral thesis. The results in detail are provided in the respective

Publications I, 11, and IlI.

5.1 Secular trends in physical fitness

After the search and selection process, 22 studies were finally identified as eligible and included
in the systematic review. Secular trends in selected components of physical fitness (i.e.,
cardiorespiratory endurance, relative muscle strength, proxies of muscle power, speed) were
examined for N = 96,522 children and adolescents aged 6 to 18 years from 17 mainly high-
income countries in the United States, Australia, and Europe. The observation period was
between 1972 and 2015.

For cardiorespiratory endurance, an initial increase with a local maximum in 1986 was followed
by a decline to a local minimum in 2010 with a negative inflection point in the turn of the
century. Since 2010, the decline in cardiorespiratory endurance has diminished and
performances tended to increase slightly again (i.e., positive cubic secular trend; b = 0.00012,
z=3.94). There was a steeper linear decrease in cardiorespiratory endurance for boys compared
to girls (b = - 0.00796, z = - 3.28). The magnitude of secular trend in cardiorespiratory
endurance was large, approximately 1.5 standard deviations in both sexes.

Relative muscle strength declined until 1982 and then increased until 2006 with a positive
inflection point in 1990 (i.e., cubic secular trend; b = - 0.00004, z = - 2.14). Although there were
no significant effects of sex, the trend was more pronounced for boys. Regarding the effect size,
relative muscle strength showed small secular trends with a narrow range of 0.50 standard

deviations in both sexes.

For proxies of muscle power, an initial linear increase with a local maximum in 1982 for girls
and 1994 for boys (b = 0.00474, z = 2.80) was followed by a negative quadratic decline
(b = - 0.00060, z = - 2.04). The magnitude of secular trend in proxies of muscle power was

small-to-medium, approximately 0.5 standard deviations in both sexes.

For speed, boys and girls showed similar secular trends. The shape of the function was
characterized by a significant negative linear (b =- 0.01822, z = - 4.90) and a significant positive
cubic (b = 0.00006, z = 4.60) secular trend. An initial increase with a local maximum in 1980
was followed by a decline to a local minimum in 2002 with a negative inflection point in 1990.
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Since then, speed has been increasing again. With 0.5, the effect sizes for boys and girls are

small.

Results on characteristics of the included studies, conditional means, and observation-level

model residuals are described in detail in the results section of Publication I.

5.2 Effects of age and sex on physical fitness

Detailed information on the effects of age and sex on physical fitness development and
goodness-of-fit statistics as well as model residuals are provided in the ‘Results’ sections of

Publication II.
Main effects of age

Findings revealed that despite the small age range, the age-related differences were large and
evident for all physical fitness components. The overall linear trend for age was significant
(b = 0.271, z = 31.60). The age effect was larger for coordination than cardiorespiratory
endurance (H1; b = 0.216, z = 18.44), larger for coordination than speed (H2; b =-0.069, z = -
6.22), and larger for powerUP than powerLOW (H4; b = 0.307, z = 25.87). The difference
between age slopes for powerLOW and speed was not significant (H3; b = - 0.007, z = - 0.69).

Main effects of sex

Findings revealed that the sex-related differences were large and evident for all physical fitness
components, with boys outperforming girls. The overall sex effect (averaged over age) was
significant (b = 0.413, z = 86.52). The sex effect was larger for cardiorespiratory endurance
than coordination (H1; b = - 0.260, z = - 39.03), larger for speed than coordination (H2;
b =0.078, z = 12.35), larger for powerLOW than speed (H3; b = 0.066, z = 11.24), and larger
for powerUP than powerLOW (H4; b = 0.296, z = 43.84).

Interaction effects of age and sex

There was no evidence for a significant age x sex interaction or significant age X sex x

component interactions (all b <0.039, |z| < 1.74).
Variance components (VCs)

The component-related VVCs were large for children (0.72 to 0.78), medium for schools (0.24
to 0.37), and small for assessment year (0.03 to 0.06). VCs for the age-related gains (0.10) and

the sex effect (0.05) were also small for schools.
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VCs for component contrasts were large (0.47 to 0.72) for children and somewhat smaller, but
still highly reliable (0.30 to 0.40) for schools, especially in contrast to VCs estimated for school-
related age (0.10) and sex (0.05) effects, and especially in contrast to assessment-year-related
effects (0.04 to 0.09).

Assessment-year-related variance components (VCs)

The small, but significant assessment-year-related VCs showed that there were reliable
component x assessment year interactions. Findings revealed that performance in
cardiorespiratory endurance declined and performance in speed increased between 2011 and
2019. In contrast, the initial increase in coordination, powerLOW, and powerUP was followed

by a decrease in recent years.

5.3 Effect of timing of school enrollment on physical fitness

Detailed information on the effect of timing of school enrollment on physical fitness

development are provided in the ‘Results’ sections of Publication III.
Older-than-keyage (OTK) children

Findings revealed a significant overall negative linear trend for age (b =-1.014, z = - 6.68) and
a significant positive quadratic trend of age (b = 0.357, z = 4.50). The main effect of H1 was
significantly larger for coordination than for cardiorespiratory endurance (b = 0.230, z = 2.51).
The linear age developmental rate (averaged across sex) was larger for cardiorespiratory
endurance compared to coordination (H1; b = - 0.693, z = - 3.38) and the quadratic age
developmental rate was larger for coordination compared to cardiorespiratory endurance (H1,;
b =0.294, z2=2.73).

Three of the four component contrasts interacted with sex: the delta z-score was more negative
for boys than girls with regards to cardiorespiratory endurance and more negative for girls than
boys regarding coordination (H1; b = 0.052, z = 3.41), the negative difference between boys
and girls in the delta z-score was larger for powerLOW than speed (H3; b = 0.042, z = 3.38),
the same powerLOW sex difference was the source of the significant interaction for the fourth
contrast (H4; b = - 0.044, z = - 2.80).

The VCs between delta z-scores were large for children (0.88 to 0.98) and small for schools

(0.06 to 0.09). VCs for the age-related gains (0.09) was also small for schools.
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Younger-than-keyage (YTK) children

The Grand Mean was significant (b = 0.082, z = 5.09). The main effect was larger for
coordination than for cardiorespiratory endurance (H1; b = 0.074, z = 3.05), larger for
coordination than for speed (H2; b = - 0.055, z = - 2.49) and larger for powerUP than for
powerLOW (H4; b =0.060, z = 2.47).

The VCs between delta z-scores were large for children (0.79 to 0.89) and small for schools
(0.09 t0 0.12).
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6. General discussion

In the present cumulative doctoral thesis, findings obtained from a systematic review
(Publication I) and two cross-sectional studies (Publication Il and I11) were incorporated to
complement current knowledge on children’s development of physical fitness. More precisely,
the aims of the thesis were to update secular trends in selected components of physical fitness
in children and adolescents aged 6 to 18 years, to address short-term ontogenetic cross-sectional
developmental differences in physical fitness in a large sample of eight-year old children, and
to compare physical fitness of OTK and YTK children versus keyage-children in a sample of

German primary school children.

Overall, results of the systematic review revealed a large initial improvement and an equally
large subsequent decline between 1986 and 2010 as well as a stabilization between 2010 and
2015 in cardiorespiratory endurance, a general trend towards a small improvement in relative
muscle strength, an overall small negative quadratic trend for proxies of muscle power, and a
small-to-medium improvement in speed since 2002. Findings from the cross-sectional studies
showed that even in a single prepubertal year of life physical fitness performance developed
linearly with increasing chronological age, boys showed better performances than girls in all
physical fitness components, the components varied in the size of sex and age effects, and
secular trends varied between physical fitness components. Furthermore, findings from the
cross-sectional studies revealed that OTK children showed poorer performance compared to
keyage-children, especially in coordination, OTK girls showed better performances than OTK
boys, and YTK children outperformed keyage-children, especially in coordination. The
following sections provide a brief interpretation and discussion of the main findings based on

the available body of literature.

6.1 Secular trends in physical fitness

Contrary to hypothesis 1, the systematic review revealed a decline in cardiorespiratory
endurance, particularly between 1986 and 2010. However, it has to be noted that performance
tended to stabilize between 2010 and 2015. These findings complement a recently published
analysis about secular trends in cardiorespiratory endurance by Tomkinson et al. (2019). They
reported that the international rate of decline in cardiorespiratory endurance has diminished and
stabilized since 2000 (Tomkinson et al., 2019). Moreover, Tomkinson et al. (2019) showed that
decreases in cardiorespiratory endurance were smaller for girls compared to boys which is also
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confirmed by the results of the systematic review. These consistent results between the
systematic review and the analysis of Tomkinson et al. (2019) underline that the two analyses
confirm each other despite their different methods and statistical approaches. While Tomkinson
et al. (2019) included data for the 20-m shuttle run, the systematic review additionally
considered data for time- and distance-related cardiorespiratory endurance tests. Tomkinson et
al. (2019) estimated the VOzpeak from 20-m shuttle run performance for children and adolescents

aged 8 to 19 years, irrespective of sex by using the equation generated by Léger et al. (1988).

Tomkinson and Olds (2007) stated that secular trends in physical fitness were modulated by
several factors such as altered social, behavioral, physical, psychosocial, and physiological
aspects. Specifically, psychosocial aspects such as motivation, willingness to exert maximal
effort, and pacing strategies may have affected the performance, but unfortunately these aspects
cannot be controlled. According to Olds and Dollman (2004) and Albon et al. (2010),
physiological aspects such as BMI and percentage of body fat mass have the greatest impact on
secular trends in cardiorespiratory endurance. They stated that changes in BMI affected changes
in cardiorespiratory endurance between 40% (Olds & Dollman, 2004) to 70% (Albon et al.,
2010) which seems logical considering that during running the increased body and / or fat mass
must be permanently accelerated (Tomkinson & Olds, 2007). In this context, Cureton et al.
(1978) reported that an increase in body and / or fat mass increased the energy expenditure
during running resulting in a comparatively low relative VOamax. Interestingly, the NCD Risk
Factor Collaboration reported an increased prevalence of overweight and obesity in children
and adolescents worldwide between 1975 and 2016 but noted that the trend has slightly declined
recently. However, the prevalence is still at a high level, especially in high-income countries
(Bentham et al., 2017).

Another aspect that might have an impact on secular trends in cardiorespiratory endurance are
the low levels of physical activity. A recently published analysis by Guthold et al. (2020)
revealed that in 2016 only 20% of children and adolescents (girls: 15.3% and boys: 22.4%)
worldwide met the WHO recommendations of 60 min of moderate-to-vigorous daily physical
activity (World Health Organization, 2010). Compared to data from 2001, the low levels of
physical activity among girls have remained relatively stable over the past 15 years (14.9%),
while they have declined slightly among boys (19.9%). Given that physical activity and
physical fitness are interdependent (Larsen et al., 2015), the low(er) levels of physical activity
might lead to a reduced training stimulus and consequently to diminished cardiorespiratory
endurance (Olds & Dollman, 2004).
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Contrary to hypothesis 1, findings from the systematic review revealed for relative muscle
strength, an initial decline with a local minimum in 1982 that was followed by an increase to a
local maximum in 2006 before declining again. These findings complement recently published
analyses about secular trends in relative (Kaster et al., 2020) and absolute (Dooley et al., 2020)
muscle strength. Kaster et al. (2020) used solely data on the sit-up test of 9,939,289 children
and adolescents aged 9 to 17 years living in 31 countries. They showed that the international
rate of muscle strength improvement has slowed between 1964 to 2000, then stabilized until
2010, before declining again (Kaster et al., 2020). Dooley et al. (2020) showed that the
international rate of increase in handgrip strength progressively improved between 1967 and

2017 in 2,216,320 children and adolescents aged 9 to 17 years from 19 countries.

Contrary to hypothesis 1, findings from the systematic review revealed a small negative
quadratic trend with different peaks in 1982 for girls and 1994 for boys in proxies of muscle
power. These findings complement a recently published analysis about secular trends in proxies
of muscle power using solely data on the standing long jump test for 10,940,801 children and
adolescents aged 9 to 17 years living in 29 countries (Tomkinson et al., 2021). They showed
that the international rate of proxies of muscle power improvement between 1960s and 1980s
has slowed in the 1990s, before declining (Tomkinson et al., 2021). One factor that coincides
with the recent declines in relative muscle strength and proxies of muscle power is the small
percentage of European adolescents aged 15 to 17 years (3 = 24.7%; Q = 13.8%) who meet the
WHO recommended level of muscle-strengthening activity at three times a week (Bennie et al.,
2021). Thus, the low(er) levels of muscle-strengthening activity might lead to a diminished
exercise stimulus and consequently to reduced relative muscle strength and proxies of muscle
power. Faigenbaum and MacDonald (2017) used the term paediatric dynapenia to characterize
children and adolescents who have low levels of muscle strength and proxies of muscle power.
However, they emphasized that the low levels were a changeable risk factor for preventing
lifelong health-related diseases through appropriate interventions (Faigenbaum & MacDonald,

2017). The design of appropriate interventions will be further discussed in chapter 8.

In line with hypothesis 1, findings from the systematic review indicated small-to-medium
improvements in recent years with regards to speed. Because this systematic review was the
only work to date that updated secular trends for speed, results are compared with an earlier
comprehensive analysis conducted by Tomkinson (2007). Tomkinson (2007) summarized the
existing literature on secular trends regarding speed for the timespan between 1958 and 2003.
The analysis considered physical fitness data of 28,320,308 children and adolescents aged 6 to

19 years from around the world. The findings revealed that speed increased by + 0.04% p.a.
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between 1958 and 2003. However, a detailed analysis showed that between 1958 and 1985
speed initially increased by + 0.27% p.a. before declining by - 0.08% p.a. (Tomkinson, 2007).
The systematic review showed the same results for the mentioned time spans: an initial increase
with a local maximum in around 1980 was followed by a decline to a local minimum in 2002.
Consequently, the two studies corroborate each other, despite different methodological
approaches, such as different data sets and number of studies included. The systematic review

now adds to the overall research that speed has been increasing again since 2002.

Compared to secular trends in relative muscle strength, proxies of muscle power, and speed
(0.5 to 1.0 SD), larger trends were examined for cardiorespiratory endurance (1.5 SD for boys
and for girls). One explanation for the varying effects between components of physical fitness
might be the different influence of BMI / percentage of fat mass. Tomkinson et al. (2007)
analyzed to what extent BMI / percentage of fat mass affects proxies of muscle power, speed,
and cardiorespiratory endurance. The correlations between BMI / percentage of fat mass and
proxies of muscle power (i.e., standing long jump, r = - 0.20) or speed (i.e., 50-m sprint, r = -
0.24) were distinctively smaller than the correlations between BMI / percentage of fat mass and
cardiorespiratory endurance (i.e., 1600 m run, r = - 0.52) (Tomkinson & Olds, 2007). In
addition, Tomkinson et al. (2007) revealed that for fat-free mass the effect was reversed. The
correlations between fat-free mass and cardiorespiratory endurance (r = 0.21) were smaller than
for proxies of muscle power (r = 0.59) and speed (r = 0.57). Based on the results of the
systematic review and the evidence available within the literature, it remains unknown whether
this is an issue of fatness or fitness. Considering the analyses by Tomkinson et al. (2007), it

appears that fatness affects cardiorespiratory endurance in particular.

In summary, the systematic review revealed that there was no generic secular trend across the
different physical fitness components and years, confirming hypothesis 1. This finding was also
supported by the results of the cross-sectional study (Publication I1). In line with hypothesis 3,
all considered physical fitness components showed different patterns of secular trends across
the nine years from 2011 to 2019. Performance in cardiorespiratory endurance declined and
performance in speed increased between 2011 and 2019. In contrast, the initial increase in
coordination, powerLOW, and powerUP was followed by a decrease in recent years. The
reported secular trends for cardiorespiratory endurance, speed, and proxies of muscle power
confirm the results of recently published systematic reviews (Fuhner et al., 2021a; Tomkinson
et al., 2019). However, there is only limited evidence for secular trends in coordination. In a
recently published review, Eberhardt et al. (2020) could only identify three studies that

examined secular trends in coordination with each study reporting conflicting results regarding
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increase, decline, and stagnation of coordination over time. They stated that the inconsistency
between the studies was the result of the complex and multidimensional construct of
coordination with different coordination tests measuring different aspects of coordination
(Eberhardt et al., 2020). Therefore, it is difficult to compare the results of the cross-sectional
study with other studies and more research is needed to further understand secular trends in

coordination.

Overall, the systematic review (Publication 1) and the cross-sectional study (Publication I1)
revealed that there was no generic secular trend across the different physical fitness components
and years. Therefore, physical fitness components should be analyzed separately because each

component exhibited a different pattern of secular trend.

6.2 Effects of age and sex on physical fitness

Well in line with hypothesis 2, boys showed better performance than girls in all four physical
fitness components (i.e., cardiorespiratory endurance, coordination, speed, power [LOW / UP]).
This finding corresponds with several studies providing physical fitness normative values
(Catley & Tomkinson, 2013; De Miguel-Etayo et al., 2014; Ortega et al., 2011; Ramos-
Sepulveda et al., 2016; Roriz de Oliveira et al., 2014; Santos et al., 2014; Tambalis et al., 2016;
Tomkinson et al., 2018; Woll et al., 2011). For instance, Tambalis et al. (2016) stated that boys
aged 6 to 18 years significantly outperformed girls in cardiorespiratory endurance (i.e., 20-m
shuttle run test), powerLOW (i.e., standing long jump test), and agility (i.e., 10 x 5 m agility
shuttle run test). In addition, De Miguel-Etayo et al. (2014) reported that boys aged 6 to 10
years showed significantly better performances for cardiorespiratory endurance (i.e., 20-m
shuttle run test), speed (i.e., 40-m linear sprint test), and powerLOW (i.e., standing long jump
test) compared to girls. Well in line with hypothesis 2, the components varied in the size of sex
effects. These differences in sex-related effects can mostly be explained by differences in body
composition between boys and girls. For example, the smaller sex effect in powerLOW
compared to powerUP can be attributed to a poorer proportion of strength relative to body mass
especially in the upper limbs in girls compared to boys (Beunen & Thomis, 2000; Round et al.,
1999). The large difference in cardiorespiratory endurance can be attributed to physiological
factors such as girls’ poorer mechanical efficiency and fractional utilization of oxygen
compared to boys (Armstrong & Welsman, 2007; Tomkinson et al., 2018). In addition, the
smaller muscle mass (Malina et al., 2004) and smaller muscle cross-sectional area (Kanehisa et

al., 1995) of girls compared to boys limit girls’ performances in physical fitness components
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that require muscle mass. The sex effect was also significantly smaller for speed than for
powerLOW. Performances in PowerLOW require a high proportion of muscle mass where boys
usually show better performances than girls (De Miguel-Etayo et al., 2014; Tambalis et al.,
2016; Tomkinson et al., 2018). In contrast, speed is less affected by muscle mass and more by
motor coordination where sex differences were comparatively small (Ardila et al., 2011) or
were not found at all (Overman, 2004). Therefore, the sex effect in speed might be smaller than
in powerLOW. Obviously, the demand of motor coordination relative to proxies of muscle
power and cardiorespiratory endurance is larger in coordination than in speed (Koutsandréou
et al., 2016; Ludyga et al., 2020; Schmidt et al., 2017) and this could be one explanation why
the sex effect was larger for speed than for coordination. The observed decrease of sex
differences in performances with increased demands for motor coordination appears to be
plausible. Coordination is part of many different central (e.g., brain) and peripheral (e.g., motor
units) regions within the nervous system (Viru et al., 1999). The less a test engages the brain,
the more sex is a relevant performance limiting factor. In summary, well in line with hypothesis
2, the increase of size of sex effects across tests can most likely be attributed to an increase in
the relevance of muscle mass (favoring boys over girls) (Malina et al., 2004) and a decrease in
the relevance in motor coordination (associated with small or no sex effects) (Ardilaetal., 2011;
Overman, 2004).

In line with hypothesis 2, older children showed significantly better performances for all
physical fitness components compared to younger children within the ninth year of life.
However, the components varied in the size of age effects. The different age-related gains for
tests correspond to the current knowledge about the development of anthropometric parameters:
increasing body mass and body height positively impact the performance in skill-related
physical fitness components of proxies of muscle power, coordination, and speed. In contrast,
the growth in body mass has a negative influence on weight-bearing performance in tests such
as cardiorespiratory endurance (e.g., 6-min-run test) where the own body mass must be
accelerated permanently. The larger age effect for skill-related components (i.e., speed,
coordination, proxies of muscle power) compared to cardiorespiratory endurance corresponds
to a study conducted by de Miguel-Etayo et al. (2014). They found significant age differences
in powerLOW (i.e., standing long jump test) and strength (i.e., absolute handgrip strength test)
but could not detect age differences in cardiorespiratory endurance (i.e., 20-m shuttle run test)
in a sample of children aged 6 to 10 years. In line with this, Viru et al. (1998) reported that an
accelerated increase in cardiorespiratory endurance appeared at later ages (i.e., 11 to 15 years

in boys and 11 to 13 years in girls). The three components coordination, speed, and powerLOW

36



GENERAL DISCUSSION

have the relevance of proxies of muscle power in common, but they vary in the relevance of
coordination. As discussed above, the sex effect within these three tests (i.e., star-run test < 20-
m linear sprint test < standing long jump test) corresponds to their ranking on motor
coordination. The age effect within these three tests was star-run test > 20-m linear sprint test
and standing long jump test, which is in line (roughly) with their ranking on motor coordination.
Therefore, well in line with hypothesis 2, the more a test engages the brain, the larger is the
effect of age. The only test that did not fit into this scheme was the ball-push test assessing
powerUP. The ball-push tests showed the largest age effects. The special status of powerUP

will be discussed in the next section.

Apparently, performance in powerUP was affected by aspects other than physical fitness. One
explanation could be that body mass has a strong influence on the performance in tests that
measure powerUP. Heavier children generally have a higher percentage of muscle mass than
normal weighted children (Ducher et al., 2009). While a higher percentage of muscle mass
positively affects performances in non-weight-bearing tests (e.g., ball-push test), it negatively
impacts performances in weight-bearing tests (e.g., standing long jump test) because the body
mass has to be permanently accelerated compared to non-weight-bearing tests (Drenowatz et
al., 2021). Thus, tests assessing powerUP favor heavier children for whom strength of upper
limbs and upper body may lead to a limited performance in weight-bearing tests assessing
cardiorespiratory endurance or coordination. Therefore, a good performance in powerUP may

be more suggestive of a lack of overall physical fitness.

To sum up, the short-term ontogenetic results of the cross-sectional study (Publication I1)
revealed component-specific age and sex effects. The findings imply that physical education
teachers, coaches, or researchers can utilize a proportional adjustment to individually interpret
physical fitness of prepubertal school-aged children. In addition, physical education teachers,
coaches, or researchers should be cautious in the evaluation of the ball-push test and should
take into account that it might not assess physical fitness to the same degree as the other four

tests.

6.3 Effect of timing of school enrollment on physical fitness

Well in line with hypothesis 4, the cross-sectional study revealed that OTK children exhibited
poorer performance compared to keyage-children and YTK children outperformed keyage-
children. Many studies reported a linear increase in physical fitness performance with

increasing age (De Miguel-Etayo et al., 2014; Santos et al., 2014; Tambalis et al., 2016;
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Tomkinson et al., 2018). For instance, in a study with 424,328 Greek children and adolescents
aged 6 to 18 years, Tambalis et al. (2016) observed a linear devolvement in physical fitness
performance with increasing age for cardiorespiratory endurance (i.e., 20-m shuttle run test),
muscular strength (i.e., sit-up test), agility (i.e., 10 x 5 m shuttle run test), proxies of lower limbs
muscle power (i.e., standing long jump test), and flexibility (i.e., sit-and-reach test). The
increase of physical fitness in keyage-children corresponds to the findings of former studies.
For keyage-children, physical fitness performance developed linearly with increasing age.
However, the development of physical fitness for OTK children showed a different pattern.
Poorer performance was assessed in OTK children aged 9.00 to 9.99 years in comparison to
age-matched keyage-children for cardiorespiratory endurance, speed, proxies of muscle power,
and especially for coordination. The reason for this deviation could be that third graders aged
9.00 to 9.99 years (i.e., OTK children) are not representative for the “average” age-matched
keyage-child which is why a deviation from the typically reported physical fitness development
with increasing age in this cohort was observed (De Miguel-Etayo et al., 2014; Santos et al.,
2014; Tambalis et al., 2016; Tomkinson et al., 2018). The exact reasons why OTK children
were late enrolled into the first grade or why they had to repeat a school year are unknown.
Based on the findings, it can only be speculated that OTK children may be delayed in their
cognitive development which leads to a late enrollment in the first grade or to a repetition of a
school year. This corresponds to a study by Urschitz et al. (2003). In a cohort of 1,144 German
third graders, these authors reported that poor academic performance significantly increased
with age for all school subjects (i.e., mathematics, science, reading, spelling, and handwriting)
and that especially children who had repeated a school year were more likely to show poor
academic performance (Urschitz et al., 2003). These findings are in line with other studies
(Jaekel et al., 2015; Martin, 2009). Interestingly, in the cross-sectional study OTK girls
outperformed OTK boys which corresponds to Urschitz et al. (2003). They observed that boys
showed a larger prevalence for poor academic performance than girls, except for mathematics
(Urschitz et al., 2003). This divergence between OTK girls and OTK boys might be attributed
to biological maturation. As girls enter the adolescent growth spurt approximately two years
earlier (i.e., at age 10) compared to boys (i.e., at age 12) (Malina et al., 2004), the better
performance of OTK girls compared to OTK boys might be influenced by biological

maturation.

Well in line with hypothesis 4, YTK children showed better performances than keyage-children
especially in coordination. Again, the exact reasons why YTK children were early enrolled into

the first grade or why they skipped a school year are unknown. Based on these findings, it can
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be speculated that YTK children may be accelerated in their cognitive development which leads
to an early enrollment in the first grade or to a skipping of a school year. This assumption is
reinforced by the finding that YTK children scored the best performance in the coordination
task which requires a high level of cognitive functions. In addition, a study by Martin (2009)
indicated a similar direction by revealing that in a cohort of 3,684 Australian high school

students, YTK children showed better academic performances compared to keyage-children.

In summary, the cross-sectional study (Publication I1l11) was the first study that analyzed
differences in physical fitness development of YTK and OTK children compared to keyage-
children. Schools, (physical education) teachers, politicians and decision makers, as well as
parents should consider that OTK children often showed poorer performance in physical fitness
than keyage-children. Therefore, it is necessary to particularly consider this “minority” to
specifically provide health and fitness programs to reduce the gap in fitness experienced during

prior years.

6.4 Limitations

Publications I, 11, and Il contributing to this cumulative doctoral thesis have a few potential
limitations that warrant discussion. Only the main limitations of all three publications will be
mentioned here. A detailed discussion of all limitations can be found within the respective

sections of each publication.

In the systematic review (Publication I) biological maturity or anthropometric data (e.g., body
mass, body height, or sitting height) were not included in the analysis because most of the
considered studies did not report such data. There is strong evidence that physical fitness is
associated with biological maturity as more mature adolescents showed better performance in
physical fitness compared to less mature adolescents (Jones et al., 2000). In addition, a trend
towards earlier maturation (i.e., age of puberty onset) was observed in previous centuries (Bellis
et al., 2006; Herman-Giddens, 2006) which is accompanied by an increase in physical fitness
which may have affected and altered secular trends. Furthermore, each reviewed study applied
different study designs (e.g., instruments, tests, environmental conditions, methods etc.) for
assessing physical fitness which resulted in inter-study variance, particularly in
cardiorespiratory endurance and relative muscle strength. To better examine secular trends in
physical fitness, future studies should apply the same test procedures to representative samples
in children and adolescents from around the world (Fraser et al., 2019). In addition, all reviewed

studies provided mean values of secular trends. However, trends in mean values might be
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systematically biased if there have been concurrent trends in skewness whereas median values
will not be biased. Thus, future studies should also report measures of centrality (e.g., medians),

variability (e.g., standard deviations), and asymmetry (e.g., skewness).

In the two cross-sectional studies (Publications Il and Il1), the main limitations are of a
methodological nature. From the cross-sectional study it remains unknown whether the linear
age gains for tests held at the individual level or resulted from averaging over individual
differences in non-linear growth curves (Publication Il). Furthermore, several additional
variables (e.g., physical activity, sedentary behavior, socioeconomic indicators) which
influence physical fitness (Golle et al., 2014) were not included but could reveal an additional
insight into the development of physical fitness (Publications 1l and Ill1). Moreover,
anthropometric data such as body mass, body height, and sitting height were not measured in
the cross-sectional studies so that associations between physical fitness, anthropometric data,
and biological maturation, could not be analyzed (Jones et al., 2000). These data would have
provided additional insight as there is strong evidence that physical fitness is influenced by
anthropometric data (Ceschia et al., 2016; Deforche et al., 2003; Sacchetti et al., 2012) and
biological maturation (Malina et al., 2004) (Publications Il and I1I). Lastly, performance of
keyage-children in Publication Il was predicted based on a linear extrapolation used in
Publication Il. However, it remains unknown if this linear extrapolation exactly fitted with the
data of keyage-children aged 7.00 to 7.99 / 9.00 to 9.99 years as such cross-sectional data were

missing (Publication I1).
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7. Conclusions

This doctoral thesis aggregated the findings of three publications that investigated the

development of children’s physical fitness over time as well as the effects of age, sex, and

timing of school enroliment on the development of physical fitness with increasing age. The

main results of the three publications can be summarized as follows:

1.

There was a large initial improvement and an equally large subsequent decline between
1986 and 2010 as well as a stabilization between 2010 and 2015 in cardiorespiratory
endurance, a general trend towards a small improvement in relative muscle strength,
an overall small negative quadratic trend for proxies of muscle power, and a small-to-
medium improvement in speed since 2002. Consequently, there was no generic secular
trend across the different physical fitness components and years.

Even in a single prepubertal year of life physical fitness performance developed
linearly with increasing chronological age. Boys showed better performances than
girls in all physical fitness components. In addition, there was no evidence for an
interaction of age and sex - with each other or with the components contrasts despite
an abundance of statistical power.

The physical fitness components varied in the size of sex and age effects, with sex
differences being larger for components requiring muscle mass and being smaller for
components requiring motor coordination and with age differences being larger for
components requiring motor coordination.

In the cross-sectional study performance in cardiorespiratory endurance declined and
performance in speed increased between 2011 and 2019. In contrast, the initial increase
in coordination, powerLOW, and powerUP was followed by a decrease in recent years.
OTK children showed poorer performance compared to keyage-children, especially in
coordination and OTK girls showed better performances than OTK boys. In contrast,

YTK children outperformed keyage-children, especially in coordination.
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8. Practical implications

The present doctoral thesis and its findings aimed to fill the identified gaps in the literature
regarding the development of children’s physical fitness over time as well as the effects of age,
sex, and timing of school enrollment on the development of physical fitness with increasing
age. Several practical implications of high interest for schools, (physical education) teachers,
politicians and decision makers, coaches, researchers, and parents can be drawn based on the
presented results to prevent potential deficits in physical fitness as early as possible and

consequently ensure a holistic development and a lifelong healthy life.

Due to the varying secular trends in physical fitness observed in Publications | and Il as well as
the literature, it is recommended to promote initiatives for physical activity and physical fitness
for children and adolescents to prevent the adverse effects on health and well-being. More
precisely, public health initiatives should specifically consider exercising cardiorespiratory
endurance and muscle strength because cardiorespiratory endurance (Mintjens et al., 2018) and
muscle strength (Garcia-Hermoso et al., 2019; Rodrigues de Lima et al., 2020; Smith et al.,
2014) showed strong positive associations with markers of health (i.e., BMI, fat mass, waist
circumference, bone mass) in children and adolescents. Moreover, high levels of muscle
strength are required for motor skill learning (Granacher et al., 2016). In this context, schools
offer a suitable setting for the promotion of a physically active lifestyle (Marta et al., 2012)
because this is the only setting that reaches all children regardless of their socioeconomic
background (United Nations Educational Scientific and Cultural Organization, 2015). Thus,
factors such as active education, active recess, or active transportation to school, etc. should be
considered within schools to reduce sedentary behavior and promote physical activity (Kriemler
etal., 2011; Meyer et al., 2014; Parrish et al., 2020). Moreover, parents and families should also
be included in such activities (Faigenbaum, MacDonald, et al., 2020; Faigenbaum, Rebullido,
et al., 2020; Faigenbaum & Myer, 2012; Paloméki et al., 2015).

In addition, the role of physical education lessons needs to be improved to further physical
activity and physical fitness levels (Kriemler et al., 2011; Meyer et al., 2013; Meyer et al.,
2014). Many studies showed the positive influence of resistance training (Drenowatz & Greier,
2018; Faigenbaum & MacDonald, 2017; Faigenbaum & Myer, 2010; Lesinski et al., 2020;
Myers et al., 2017) and endurance training (Armstrong, 2016; Armstrong et al., 2011) on
children’s and adolescents’ physical fitness. Based on these studies, muscle strengthening and
aerobic exercises can be integrated in the curricula as research (Cox et al., 2020; Faigenbaum
et al., 2015, 2019; Fu et al., 2019; Granacher et al., 2011; Lopez-Gil et al., 2021; Loras, 2020;
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Pozuelo-Carrascosa et al., 2018; Villa-Gonzalez et al., 2022) indicated that well-structured and
well-designed physical education classes positively influenced children’s and adolescents’
physical fitness. Furthermore, qualified physical education teachers are needed who know how
to adequately structure motivating, joyful, and varied physical activity and physical fitness
interventions for children and adolescents (Faigenbaum, MacDonald, et al., 2020). All these
aspects imply that children and adolescents who regularly participate in physical activity (e.g.,
through physical education classes, in a sport club or free play) can acquire complex movements
and sport skills (Faigenbaum & Bruno, 2017). Such interventions should ideally begin in
primary schools as children at this stage of life are at an optimal age for acquiring motor skills
(Brian et al., 2020; Faigenbaum & Myer, 2012).

Based on the findings from Publications I and I1 it is recommended to regularly analyze secular
trends according to the specific physical fitness components and the monitored time span to
detect changes in physical fitness as early as possible and consequently start interventions as
early as possible to prevent, if necessary, adverse health outcomes. Schools offer a suitable
setting for the evaluation of physical fitness because they reach all children during their
development, growth, and formation of habits. Accordingly, findings from Publications 1l and
I11 showed that the EMOTIKON test battery is easy-to-administer, cost effective, and requires
only minimal school specific equipment (e.g., medicine ball, measuring tape, stopwatch,
pylons). Therefore, physical education teachers, coaches, or researchers can use the
EMOTIKON test battery to assess children’s physical fitness and detect secular trends in

children’s physical fitness.

According to Ortega et al. (2011) physical fitness data of an individual should be compared
with normative values of a sex and age-matched similar general population. However, such
normative values are usually only available on annual or semi-annual basis. The findings of
Publications 11 implied that physical education teachers, coaches, or researchers can utilize a
proportional adjustment to individually interpret physical fitness of prepubertal school-aged
children. Furthermore, Publication 1ll revealed that schools, (physical education) teachers,
politicians and decision makers, as well as parents should consider that OTK children often
showed poorer performance in physical fitness than keyage-children. Thus, it is necessary to
specifically consider this “minority” and provide additional health and fitness programs to
reduce their deficits in physical fitness experienced during prior years to guarantee a holistic
development. Moreover, raw data of Publication Il can be used to calculate age-, sex- and
timing of school enrollment-specific percentile values because reference values for the grading

of physical fitness is only available for keyage-children. Those percentile values can be used
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by (physical education) teachers to individually interpret and grade children’s physical fitness

status.
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9. Future directions

This doctoral thesis also offers a basis for future research projects in the field of children’s

development of physical fitness. Even though this thesis attempted to fill the recognized gaps

in the literature regarding the development of children’s physical fitness over time as well as

the effects of age, sex, and timing of school enrollment on the development of physical fitness

with increasing age, some important issues remain unresolved. Therefore, future studies should

address the following issues:

1.

Future studies on secular trends in physical fitness of children and adolescents are
advised to examine the biological maturity status, if possible, to analyze the effect of
biological maturity status on secular trends in physical fitness.

In order to better analyze secular trends in physical fitness, future studies should apply
identical test procedures (i.e., tests, instruments, methods, environmental conditions
etc.) among representative samples of children and adolescents from around the world
to reduce inter-study variance.

Future studies on secular trends should consider middle- and low-income countries
and country-specific representative data since existing studies on secular trends are
mainly available for high-income countries such as the United States, Australia, and
Europe and are usually not representative of the population of other countries.

Future studies on secular trends are advised to analyze measures of centrality (e.g.,
medians), variability (e.g., standard deviations), and asymmetry (e.g., skewness) since
trends in mean values might be systematically biased.

Since there is only limited and inconsistent evidence for secular trends in the complex
and multidimensional construct of coordination, future studies should especially focus
on secular trends in coordination to further understand secular trends in coordination.
Future studies on children’s development of physical fitness should consider several
important variables (e.g., anthropometric measures [e.g., body mass, body height],
status of biological maturity [e.g., peak height velocity, secondary sex characteristics],
physical activity, sedentary behavior, socioeconomic indicators) which influence
physical fitness to provide an additional insight into the development of physical

fitness.
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Abstract

Background There is evidence that physical fitness of children and adolescents (particularly
cardiorespiratory endurance) has declined globally over the past decades. Ever since the first
reports on negative trends in physical fitness, efforts were undertaken by for instance the World
Health Organization (WHO) to promote physical activity and fitness in children and
adolescents. Therefore, it is timely to re-analyze the literature to examine whether previous
reports on secular declines in physical fitness are still detectable or whether they need to be

updated.

Objectives  The objective of this systematic review is to provide an ‘update’ on secular
trends in selected components of physical fitness (i.e., cardiorespiratory endurance, relative

muscle strength, proxies of muscle power, speed) in children and adolescents aged 618 years.

Data Sources A systematic computerized literature search was conducted in the electronic
databases PubMed and Web of Science to locate studies that explicitly reported secular trends

in physical fitness of children and adolescents.

Study Eligibility Criteria Studies were included in this systematic review if they examined
secular trends between at least two time points across a minimum of five years. In addition,
they had to document secular trends in any measure of cardiorespiratory endurance, relative
muscle strength, proxies of muscle power or speed in apparently healthy children and

adolescents aged 6-18 years.

Study Appraisal and Synthesis Methods The included studies were coded for the following
criteria: nation, physical fitness component (cardiorespiratory endurance, relative muscle
strength, proxies of muscle power, speed), chronological age, sex (boys vs. girls), and year of
assessment. Scores were standardized (i.e., converted to z-scores) with sample-weighted means
and standard deviations, pooled across sex and year of assessment within cells defined by study,

test, and children’s age.

Results The original search identified 524 hits. In the end, 22 studies met the inclusion
criteria for review. The observation period was between 1972 and 2015. Fifteen of the 22
studies used tests for cardiorespiratory endurance, eight for relative muscle strength, eleven for
proxies of muscle power, and eight for speed. Measures of cardiorespiratory endurance
exhibited a large initial increase and an equally large subsequent decrease, but the decrease
appears to have reached a floor for all children between 2010 and 2015. Measures of relative

muscle strength showed a general trend towards a small increase. Measures of proxies of muscle
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power indicated an overall small negative quadratic trend. For measures of speed, a small-to-

medium increase was observed in recent years.

Limitations  Biological maturity was not considered in the analysis because biological

maturity was not reported in most included studies.

Conclusions Negative secular trends were particularly found for cardiorespiratory endurance
between 1986 and 2010-12, irrespective of sex. Relative muscle strength and speed showed
small increases while proxies of muscle power declined. Although the negative trend in
cardiorespiratory endurance appears to have reached a floor in recent years, because of its
association with markers of health, we recommend further initiatives in PA and fitness
promotion for children and adolescents. More specifically, public health efforts should focus
on exercising cardiorespiratory endurance to prevent adverse health effects (i.e., overweight

and obesity) and muscle strength to lay a foundation for motor skill learning.
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Key Points

This systematic review documents a large initial increase and an equally large subsequent
decrease for cardiorespiratory endurance, but the decrease appears to have reached a floor for
all children between 2010 and 2015. Relative muscle strength showed a small increase. Proxies
of muscle power indicated an overall small negative quadratic trend. Speed showed small-to-

medium increases in recent years.

Because of the different trends in physical fitness, we recommend that already existing
programs with the goal to promote PA and fitness should be maintained. More specifically,
public health efforts should focus on exercising cardiorespiratory endurance to prevent adverse
health effects (overweight, obesity) and muscle strength to lay a foundation for motor skill
learning.
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1. Introduction

The World Health Organization (WHQO) recommends at least 60 min of moderate-to-vigorous
physical activity (PA) daily and additionally muscle and bone strengthening activities three
times per week for children and adolescents aged 5-17 years [1]. Recently published studies
showed that a majority of children and adolescents (~80%) around the globe do not meet the
recommended level of 60 minutes PA per day [2-4]. Notwithstanding, if children and
adolescents do not adhere to WHO recommendations [1], they are supposed to suffer from

‘exercise deficit disorder’ including all negative health consequences [5].

Childhood is an important developmental stage to acquire fundamental movement skills
through daily PA in order to obtain motor skill competence and movement confidence. Children
who do not gain such competencies due to sedentariness are more likely to experience adverse
health outcomes later in life [5]. Furthermore, it has been postulated that a physically active
lifestyle during childhood and adolescence is robust and tracks into adulthood [6-9]. For
instance, Telama et al. [9] conducted a 27-year follow-up measurement of 3,596 Finnish boys
and girls aged 3-18 years and reported that PA behavior develops during childhood and tracks
into adulthood with moderate-to-high stability (stability coefficients > 0.60).

There is evidence from cross-sectional [10] and longitudinal studies [11] of an association
between levels of PA and physical fitness. According to Caspersen et al. [12], physical fitness
can be categorized into health- (e.g., cardiorespiratory endurance, muscle strength, etc.) and
skill-related (e.g., speed, power, etc.) components of physical fitness. Wrotniak et al. [10] used
accelerometers to objectively measure PA and observed that time in moderate-to-vigorous PA
positively correlated with measures of muscular strength (standing broad jump; r = 0.40) and
speed (running speed; r = -0.36) in children aged 8-10 years. These results were confirmed in
a three-year longitudinal study in which positive associations were reported between time spent
in moderate-to-vigorous PA measured through accelerometers and different components of
physical fitness (i.e., muscle strength (handgrip, = 0.06)), proxies of muscle power (vertical
jump, B = 0.04)) in children aged 612 years [11].

Evidence-based research indicates that physical fitness is a powerful marker of health in
children and adolescents [6]. Especially, cardiorespiratory endurance [13] and muscle strength
[8] have been found to be positively associated with markers of health in children and
adolescents. In a systematic review, Mintjens et al. [13] reported that performance levels in
cardiorespiratory endurance were positively related with body mass index, waist circumference,

body fatness, and prevalence of metabolic syndrome. Furthermore, Garzia-Hermoso et al. [8]
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reported positive associations between measures of muscle strength and body mass index,
skinfold thickness, insulin resistance, triglycerides, cardiovascular disease risk score, and bone
mineral density. Testing of physical fitness is easy-to-administer, reliable and valid which is
why it should be extensively implemented to receive information on performance development

and health of children and adolescents [14].

There is already evidence available in the literature on secular declines in physical fitness of
children and adolescents. Tomkinson et al. [15, 16] summarized the existing literature on this
topic for the timespan between 1958 and 2003. They included physical fitness data of
25,000,000-50,000,000 children and adolescents aged 6—19 years living in 27 countries across
five geographical regions. Over the entire analysis period (1958-2003), cardiorespiratory
endurance declined by -0.36% per annum (p.a.). A more in-depth analysis indicated that
between 1958 and 1970, cardiorespiratory endurance improved by +0.61% p.a. Thereafter,
performance declined by -0.54% p.a. Findings for proxies of muscle power and speed were
different in as much as there was an overall positive trend for both qualities (proxies of muscle
power: +0.03% p.a.; speed +0.04% p.a.) between 1958 and 2003. When looking at the period
from 1958 to 1985, improvements were found for proxies of muscle power (+0.44% p.a.) and
speed (+0.27% p.a.). These were followed by annual declines in proxies of muscle power (-
0.20% p.a.) and speed (-0.08% p.a.). Recently, Tomkinson et al. [17] published an update on
secular trends in cardiorespiratory endurance restricting the analysis to data on the 20-m shuttle
run test that were published between 1981 and 2014. In their meta-analysis, Tomkinson et al.
[17] summarized data of almost 1,000,000 children and adolescents aged 9—17 years living in
19 different countries. According to their results, the international rate in cardiorespiratory
endurance decline has slowed and stabilized since the turn of the century [17]. Furthermore, a
recently published systematic analysis of secular trends on handgrip strength including data of
2,000,000 children and adolescents aged 9 to 17 years living in 19 countries showed that the
international rate of improvement in handgrip strength progressively increased between 1967
and 2017 [18].

In summary, there is evidence that physical fitness of children and adolescents (particularly
cardiorespiratory endurance) has declined globally, particularly in western industrialized
countries until the turn of the century and stabilized ever since. These trend analyses in physical
fitness were the starting point to specifically promote PA and physical fitness in children and

adolescents, especially by the WHO [19].
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Given the effort of the WHO over the past years to promote PA and physical fitness in children
and adolescents [19], it appears important to regularly update these secular trend analyses.
Considering that those updates are available only for cardiorespiratory endurance using
estimated VO2peak from the 20-m shuttle run test [17] and absolute muscle strength data from
handgrip dynamometry [18], it is timely to re-analyze the literature and examine secular trends
for other components of physical fitness such as relative muscle strength, proxies of muscle
power, and speed. It is also important to broaden the perspective on cardiorespiratory

endurance, i.e., to include also tests other than the 20-m shuttle run test in the analyses.

The aim of this systematic review was to provide an ‘update’ on secular trends in selected
components of physical fitness (i.e., cardiorespiratory endurance, relative muscle strength,
proxies of muscle power, speed) in children and adolescents aged 6-18 years. With reference
to recent studies [17, 18] and due to ongoing public health efforts to promote PA and fitness
[19], we hypothesized a positive trend in physical fitness development of children and
adolescents over time. We additionally expected that the reported secular trends are
heterogeneous both, in direction and magnitude and specific to the respective physical fitness
component under consideration. This could be due to a multitude of tests that were used to

assess the different components of physical fitness.

2. Methods

This systematic review was carried out in accordance with the Preferred Reporting Items for

Systematic Reviews and Meta-Analysis (PRISMA) statement guidelines [20, 21].
2.1  Literature Search

The authors conducted a systematic computerized literature search in the electronic databases
PubMed and Web of Science to locate studies that explicitly reported secular trends in physical
fitness of apparently healthy children and adolescents. The literature search period covered
publications until April 2019. An updated search in July 2020 could not identify any additional
hits. The following Boolean search strategy was used to identify studies related to secular trends
in physical fitness of children and adolescents. Proximity operators (“*””) were applied to search
for root words: ("physical fitness" OR “cardiorespiratory endurance” OR “muscular endurance”
OR “muscular strength” OR “body composition” OR flexibility OR agility OR balance OR
coordination OR speed OR power OR “reaction time”) AND (child OR children OR youth OR
adolescent OR adolescents OR adolescence) AND ("secular change*" OR "secular trend*" OR

"secular decline*" OR "temporal trend*" OR "temporal change*" OR "temporal decline*").
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In addition, the following filters were activated for PubMed: species: humans; ages: birth-18
years (children), 1318 years (adolescents). The applied search syntax for PubMed was adapted
for the Web of Science database so that the abbreviation "TS=" (for Topic) was placed in front
of each bracket. Furthermore, reference lists of each article as well as relevant review articles
and meta-analyses [15, 16, 22—31] were cross-referenced/screened to identify suitable adequate
references to be included in this systematic review (see flow chart Figure 1). We additionally

scrutinized the database ‘Cochrane Library‘, but could not identify any additional hits.
2.2 Selection Criteria

Studies were integrated in this systematic review if they provided relevant information with
regards to a modified PICOS approach [21]. The considered parameters were population,
outcomes, and study design. The following predefined inclusion criteria were selected: (1)
population: apparently healthy children and adolescents with a mean age of 6-18 years;
differentiated age ranges not spanning more than three years (e.g., 12- to 14-year olds)
according to Tomkinson, Olds and Borms [32]; a sample distinguished by sex allowing sex-
specific analysis as recommended by Tomkinson [16]; (2) intervention: not possible; (3)
comparator: not possible; (4) outcomes: secular trends in selected physical fithess components
(i.e., cardiorespiratory endurance, relative muscle strength, proxies of muscle power, speed)
expressed as mean, standard deviation / standard error, and sample size according to these
studies [15, 16, 23]; (5) study design: in accordance with Jirimde et al. [33], studies which
spanned at least two time points across a minimum of five years; only published articles/datasets
with full-text availability; articles published in English or German. Studies were excluded for
the following reasons: (1) population: patients or outside the mean age range from 6 to 18 years;
large age ranges spanning more than three years (e.g., 12- to 15-year olds) [32]; children with
an elite athletic background; children who live in specific areas (e.g., rural areas, Inuit) since
their data are typically not representative for the general population [22]; a sample not
distinguished by sex as recommended by Tomkinson [16]; (2) intervention: not possible; (3)
comparator: not possible; (4) outcomes: assessment of secular trends not related to physical
fitness; authors reported only aggregated physical fitness scores; missing data concerning
means, standard deviation / standard error or sample size; (5) study design: samples which did
not span at least two time points across a minimum of five years [33]; no full-text availability;
articles published in languages other than English or German; data that were reported in several
publications [32].
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Two independent reviewers (TF, FA) screened potentially relevant papers by analyzing titles,
abstracts, and full texts to determine study eligibility. If TF and FA did not reach agreement,

UG was consulted for clarification.
2.3  Coding of Studies

All included studies were coded for the following variables listed in Table 1. The author TF

extracted the relevant data in an Excel spreadsheet from all included studies.

Table 1 Study Coding

Nation Australia, Brazil, Canada, Czech Republic, Denmark, England, Finland, Belgium
(Flanders), Germany, Hungary, Lithuania, Netherlands, New Zealand, Norway,
Portugal, Sweden, USA

Physical fitness components Cardiorespiratory endurance, relative muscle strength, proxies of muscle power, speed
Chronological age 6-18 years

Sex Boys & girls

Trends Positive, negative, stagnation

If studies included several tests of the same physical fitness component, only one test was used
according to the following ranking (Table 2). The list was created through expert rating based

on the factors ‘practical relevance’ and ‘frequency of usage’ of the respective test.

Table 2 Classification of the ranked physical fitness tests used in the included studies

Cardiorespiratory endurance  Relative muscle strength Proxies of muscle power Speed

6-min run* Leg lift test* Standing broad jump* 20-m sprint*

9-min run* Sit-up® Sargent jump and reach test*  30-m sprint*

20-m shuttle run* Push-up®* 40-m sprint*

Cooper test (12 min)* Bent arm hang* 45,7-m (50-yd) sprint*
1200-m run* Pull-up®” 50-m sprint*

1600-m run* Arm-pull 4 x 9-m shuttle run
Maximal cycle ergometer* Bench-press¢ 10 x 5-m shuttle run*
PWC 170 cycle ergometer* Two-hand lift

Submaximal cycle ergometer*
2= maximum repetition; number at a rate of 25 lifts per minute or counts/30 sec, ® = counts/40 sec, © = maximum repetition, ¢
= number at a rate of 25 lifts per minute, * tests were included in analyses

If relevant data (e.g., means) were only reported in figures or graphs, the program GetData-
Graph-Digitizer (http://www.getdata-graph-digitizer.com/index.php) was used for data

extraction purposes.
2.4  Statistical Analyses
2.4.1 Computation of z-scores for Components of Physical Fitness

Physical fitness was assessed through the fitness components cardiorespiratory endurance,
relative muscle strength, proxies of muscle power, and speed. For measures of relative muscle
strength, proxies of muscle power, and cardiorespiratory endurance, high scores indicate good
and for measures of speed high scores indicate poor physical fitness. To facilitate readability,
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speed outcomes were multiplied by -1. Thus, performance improvements over time were
positive for all included outcome measures. The total sample size was calculated from the

maximal sample sizes at age—time points—sex level for each included study.

As a common metric for tests, we converted means to z-scores based on sample-weighted
means and standard deviations for cells defined by study, test, and age of children. Specifically,
means and standard deviations were pooled across sex and year within these cells. For three
studies, standard deviations were computed from standard errors [34—-36]; for two studies, the
number of participants for subgroups was extrapolated from aggregate numbers [37, 38]. Of
note, Spengler et al. [39] provided means and standard deviations for their study in response to
a personal request. For pre- and post-processing of results, custom R code and (mainly) the
following R packages were used: tidyverse [40], remef [41], sjPlot [42], cowplot [43], and

broom.mixed [44].
2.4.2 Statistical Inference with an Integrated Linear Mixed Model

We specified a linear mixed model (LMM) to estimate effects of sex and linear, quadratic, and
cubic secular trends as nested under the four components of physical fitness (i.e., 8 x 4 = 32
fixed effects). For each observation, year of assessment was centred at 1990, i.e., at the midpoint
of first-year assessments between 1974 and 2006 across studies. The nested model specification
implies that for each of the four fitness components, we obtained an estimate for the year 1990
(i.e., equivalent to an intercept), an estimate for the main effect of sex, estimates for the secular
trend (three parameters for linear, quadratic, and cubic component), and estimates for the

interactions of sex and secular trend.

We tested the effects of sex and secular trends within each of the four physical fitness
components because it was clear from the outset that the qualitative differences between the
physical fitness components would yield trivial higher-order interactions. The limitation of the
nested-model specification is that we do not obtain outcomes that report differences between
these physical fitness components (e.g., sex x component or secular trend x component
interactions). We considered separate LMMs for each physical fitness component. This
approach, however, would not take dependencies between measures from different physical
fitness components and between dependencies across years within studies into account.
Moreover, the number of observations available for each LMM would substantially reduce

statistical power for each of them.

The LMM was estimated with the Imer() function of the R-based Ime4 package [45, 46]. Model
selection involved the determination of a random-effect structure that is supported by the data
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using random-effect principal component analysis [47, 48]. The final model included study-
related variance components for cardiorespiratory endurance, relative muscle strength, sex, and
linear yearly trends for cardiorespiratory endurance, relative muscle strength, and proxies of
muscle power. The specification of correlation parameters for these variance components led
to overparameterized models or did not significantly contribute to the goodness of fit as
assessed with likelihood ratio tests. With this random-effect structure, none of the high-order
interactions between sex and quadratic or cubic secular trends were significant.! Therefore, we
removed these eight fixed effects from the LMM. The protocol of model selection is available

as an Electronic Supplementary Material Appendix S2.

The LMM treated the 22 studies as levels of a random factor; they contributed a total of 652
observations. The LMM estimated 24 fixed effects, six variance components, and the residual
variance (i.e., a total of 31 model parameters). A |z|-value > 2.0 (i.e., alpha of 5%) was used as

criterion for rejection of the null hypothesis.

In response to reviewer requests, we specified two additional LMMs. First, we included age of
children (dichotomized at 12.5 years) as an additional factor and documented this analysis in
an Electronic Supplementary Material Appendix S1. The second request was to address
possible geographical/cultural differences between studies from different countries. This

analysis is also reported in an Electronic Supplementary Material Appendix S1.

3. Results
3.1  Study Characteristics

A total of 524 potentially relevant studies were identified in the electronic databases PubMed
and Web of Science. Fourteen articles were found through other sources such as reference lists
of relevant reviews articles or meta-analyses. After screening for titles, abstracts, and full texts,
22 studies were finally eligible for inclusion in this systematic review article. Figure 1 illustrates

the respective flow chart.

! Fixed effects were not considered and not even inspected during selection of the random-effects structure supported by the
data.
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Fig.1  Flow chart illustrating the search and selection process of this systematic review

Table 3 summarizes the characteristics of the included studies. Secular trends in physical fitness
were analyzed for N = 96,522 children and adolescents aged 6-18 years living in 17 different
countries mainly in high-income countries such as the United States, Australia, and Europe.
Sample sizes ranged between 41 and 2,153 participants. Sixteen of the 22 studies were carried
out in Europe [34, 37-39, 49-60], two in Australia [35, 61], one in the United States [36], one
in Canada [62], one in New Zealand [63], and one in Brazil [64]. The time span varied from six
to 35 years with a mean value of 20 years and a median of 21 years. Six studies reported data
for several time points [34, 39, 49, 57, 58, 64].
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To assess secular trends in physical fitness, 15 out of 22 studies used tests for cardiorespiratory
endurance [37-39, 50, 51, 55-64], 11 used tests for proxies of muscle power [34-36, 50, 52—
54, 56, 57, 60, 61], eight for relative muscle strength [34, 36, 39, 49, 50, 54, 57, 60], and eight
for speed [34, 36, 39, 49, 51, 54, 57, 61]. A total of 26 different physical fitness tests were found
in the included studies (Table 2).

Studies which assessed cardiorespiratory endurance included submaximal [56, 60, 63, 64] or
maximal [55] tests on a cycle ergometer, the 20-m shuttle run test [57-59, 62] or time-related
(6-min run test [39], 9-min run test [50], Cooper test [37, 38]) as well as distance-related
cardiorespiratory endurance tests (1200-m run test [51], 1600-m run test [61]). Studies which
assessed relative muscle strength comprised five different lower/upper limbs strength tests as
well as tests for the assessment of trunk muscle strength. Accordingly, tests included the leg lift
test [54], sit-up test [34, 50, 57], push-up test [39, 60], bent arm hang test [49], and pull-up test
[36]. Studies which assessed proxies of lower limbs muscle power included either the standing
broad jump test [34-36, 52, 53, 57, 60, 61] or the Sargent jump and reach test [50, 54, 56].
Studies which assessed speed comprised either linear sprint tests over short distances such as
the 20-m sprint test [39], 30-m sprint test [51], the 40-m sprint test [34], the 45-m sprint test
[36], the 50-m sprint test [61] or short shuttle runs such as the 10 x 5-m shuttle run test [49, 54,
57] (Table 3).
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3.2  Secular Trends and Effects of Sex for Components of Physical Fitness

The 24 fixed-effect LMM estimates relating to sex, secular trend, and their interactions for each
of the four components are displayed in Table 4 along with standard error, z-statistic, and p-
value. In general, we observed the expected higher scores for boys than girls in all panels with
effects ranging between 0.094 (relative muscle strength; not significant with p < 0.07) and 0.44
(cardiorespiratory endurance, p < 0.001). Interpretation of polynomial trends, however, must
start with the highest-order significant trend or its interaction with sex; lower-order trends and
main effects are usually qualified by them. In the following, we report statistics for the critical

terms (lifted from Table 4); statistics for all lower-order terms are reported in the table.

Table 4 Fixed-effects estimates of linear mixed model

Component Fixed-effects Standard

. z-values p-values

estimates error

Cardiorespiratory endurance 0.32595 0.12234 2.66 0.008
Sex 0.44032 0.05348 8.23 <0.001
Year (linear) -0.02419 0.01027 -2.36 0.018
Year (quadratic) -0.00365 0.00084 -4.35 <0.001
Year (cubic) 0.00012 0.00003 3.94 <0.001
Sex x year (linear) -0.00796 0.00243 -3.28 0.001
Relative muscle strength -0.17252 0.07174 -2.40 0.016
Sex 0.09356 0.05087 1.84 0.066
Year (linear) 0.01095 0.00720 1.52 0.128
Year (quadratic) 0.00067 0.00033 2.069 0.039
Year (cubic) -0.00004 0.00002 -2.14 0.032
Sex x year (linear) 0.00066 0.00184 0.36 0.721
Proxies of muscle power 0.09430 0.03376 2.79 0.005
Sex 0.36078 0.04894 7.37 <0.001
Year (linear) -0.00093 0.00536 -0.17 0.863
Year (quadratic) -0.00060 0.00030 -2.04 0.042
Year (cubic) 0.00001 0.00002 0.70 0.486
Sex x year (linear) 0.00474 0.00169 2.80 0.005
Speed 0.03498 0.03732 0.94 0.349
Sex 0.18428 0.05015 3.67 <0.001
Year (linear) -0.01822 0.00372 -4.90 <0.001
Year (quadratic) -0.00044 0.00021 -2.11 0.035
Year (cubic) 0.00006 0.00001 4.60 <0.001
Sex x year (linear) 0.00277 0.00180 1.54 0.125

The coefficients define the functions that generate the secular trends shown in Fig.2a. Significant effects are in bold

Data and model parameters (up to the highest-order significant term) were used to generate the
partial-effect functions for secular trends shown in Figure 2a. Partial effects no longer contain
effects due to differences between studies in cardiorespiratory endurance, relative muscle
strength, sex, or due to linear yearly trends for cardiorespiratory endurance, relative muscle
strength, and proxies of muscle power. Points in the figure represent the observed sex x year
means that result from averaging z-scores across observations within age x study/test cells. Note
that corresponding means predicted by data and model parameters (i.e., the values underlying

the function fit) would be closer to the function due to LMM shrinkage (i.e., adjustments for
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variability, number of observations, and deviation from the Grand Mean). Nevertheless,

observed means are also in good correspondence with partial-effect Z-functions.
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Fig. 2  a. Secular trends for cardiorespiratory endurance, relative muscle strength, proxies of muscle power, and speed for

standardized scores. Positive scores indicate better physical fitness in units of the standard normal distribution (z-
scores) relative to a Grand Mean of zero estimated for the year 1990. Dots represent the observed study means; the
line is a third-order polynomial regression based on partial effects predicted from data and linear mixed model
parameters (see Table 4); shaded areas represent 95% confidence intervals for the regression lines. b. Numeric
approximations of first derivatives (delta z-score) of corresponding functions in panel a (i.e., local changes in the
direction of the function). Minima and maxima in panel a correspond to zero-crossings in panel b; inflection points
in cubic functions in panel a correspond to minima and maxima of first derivatives in panel b

Minima, maxima, and — for cubic Z-functions — inflection points provide critical information

about secular trends. The years at which they occur are directly visible in the first derivative

delta z-score of such function. They were computed with a numeric approximation depicting

the instantaneous rate of change (see Figure 2b). Specifically, minima and maxima of the z

score function in a-panels are at the years at which the delta z score function in b panels crosses

the horizontal zero-line; inflection points of cubic z score functions are at years with minima

82



PUBLICATION I

and maxima of delta z score functions?. With these advanced organizers we turn to the

component-specific secular trends and how they differ for boys and girls.
3.2.1 Cardiorespiratory Endurance

The LMM included 168 observations for cardiorespiratory endurance. The critical source of
variance is the positive cubic trend (b = 0.00012, z = 3.94, p < 0.001; see Figure 2a,
cardiorespiratory endurance panel). Children’s cardiorespiratory endurance increased until
1986 and then decreased until around 2010-2012 with a negative inflection point in 2000. Since
2010, cardiorespiratory endurance may have stabilized or even tended to improve again (see
zero-crossings and minimum in cardiorespiratory endurance panel Figure 2b for identification
of years). The interaction between sex and the linear trend for years is the source for a tendency
towards smaller differences between boys’ and girls’ cardiorespiratory fitness or a steeper

decline for boys than girls (b = -0.00796, z = -3.28, p = 0.001).

In terms of effect magnitude (i.e., the difference between maximum and minimum z-scores
across years), cardiorespiratory endurance exhibited very large secular trends with a range of
about 1.5 standard deviations for both boys and girls. These effects are by far the largest of the

four fitness components.
3.2.2 Relative Muscle Strength

The LMM included 156 observations for relative muscle strength. The critical source of
variance is the cubic secular trend for all children (see Figure 2a, relative muscle strength
panel); b =-0.00004, z = -2.14, p = 0.032. There are no significant effects associated with sex,
but the trend is clearer for boys. An initial decline with a local minimum in 1982 is followed
by an increase to a local maximum in 2006 with a positive inflection point in 1990. The
magnitude of the secular trend is small; scores move consistently within a narrow 0.50 z-

difference band.
3.2.3 Proxies of Muscle Power

The LMM included 164 observations for proxies of muscle power. The interaction between sex
and the linear trend across years translates into shifting a very shallow negative quadratic curve
(b =-0.0006, z = -2.04, p = 0.042) to different peaks in 1982 for girls and 1994 for boys; b =
0.00474, z = 2.80, p = 0.005. With 0.5, the effects are in the small-to-medium range.

2 These relations derive from the power rule of differentiation; of relevance here are:
f(x) = x > °(x) = constant, f(x) = x? -> f(x) = 2x, and f(x) = x% > £(x) = 3x%
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3.2.4 Speed

The LMM included 164 observations for speed. Boys and girls exhibit a similar shape of their
secular speed function (see also the close to identical delta z score functions in the speed panel
of Figure 2b). The shape of the function is defined by a significant negative linear (b = -0.01822,
z =-4.90, p < 0.001) and a significant positive cubic (b = 0.00006, z = 4.60, p < 0.001) trend.
The first local peak was in 1980 (a very shallow one); the negative inflection point was in 1990;
speed bottomed out in 2002 and has been rising since then. Effect sizes are about 0.50 for both

groups.
3.2.5 Effect Sizes and Conditional Means

The four components of physical fitness varied qualitatively with respect to the shape of their
associated secular trends and differed between boys and girls in cardiorespiratory endurance
and proxies of muscle power. They also differed in effect sizes. Effect sizes were large for
cardiorespiratory endurance (1.5 units of standard deviation) and small-to-medium (0.5 units of
standard deviations) for the other three components. Importantly, the partial-effect functions

are corrected for various sources of heterogeneity between studies as described in the following.

LMMs afford tests of heterogeneity of studies with estimates of variance components (VCs) as
model parameters that account for differences between studies beyond the residual error
variance. Specifically in the present data, there was no evidence for speed-related and proxies-
of-muscle-power-related VCs, but there were significant VCs for cardiorespiratory endurance
(0.36)3, relative muscle strength (0.13), sex (0.18), and three linear yearly trends associated
with cardiorespiratory endurance (0.03), relative muscle strength (0.013), and proxies of muscle
power (0.011); the residual standard deviation was 0.25. Thus, there was considerable

heterogeneity between studies and it was largest for cardiorespiratory endurance.

Data and model parameters can be used to generate predictions of conditional means at the level
of studies for components of physical fitness with reliable inter-study differences. These
predictions are shown in Figure 3 along with intervals of +/- 2 conditional standard deviations
(~95% confidence intervals), based on the conditional variance—covariance matrices of the
random effects returned by the ranef(model, condVar=TRUE) command of the Ime4 R package
[45].

3 Values are variances expressed as standard deviations (i.e., the square-root of the estimated VC).
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Fig. 3  Conditional means of six significant variance components in the linear mixed model

The conditional means differ from the observed means because they are shrunken towards the
estimated population mean, conditional on (a) the distance of the observed from the grand mean,
(b) the variance of the observed mean, and (c) the number of observations. Studies with
confidence intervals completely to the left or the right of the vertical zero line (representing the
grand mean), contributed significantly to heterogeneity. The major determinants of the width
of the confidence intervals are the number of observations and their variance. For example,
Veckunas et al. [57] contributed 48 and Sandercock et al. [58] four observations to the
cardiorespiratory endurance component, accounting for the large difference between their
respective intervals. Studies without an entry in a panel did not contribute observations to these
components or their conditional mean was shrunk to the population mean. Taking into account
this between-study heterogeneity was critical for the shape of the partial-effects functions in

Figure 2a.
3.2.6 Observation-Level Model Residuals
The quality of a model fit depends on distributional characteristics of the observation-level

model residuals, most importantly that they are normally distributed and homoscedastic across
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the range of fitted values. Figure 4 displays a few diagnostic statistics (a: LMM residuals over

year by component; b: standardized LMM residuals over theoretical quantiles of the standard

normal distribution; c: LMM residuals over fitted values).
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Fig. 4  Observation-level residuals of linear mixed model (LMM). a: LMM residuals over year by physical fitness

component; b: standardized LMM residuals over theoretical quantiles of the standard normal distribution; c: LMM
residuals over fitted values

The plots provide no evidence for violations of model assumptions. Somewhat surprisingly,

there was no need for dealing with outliers. We interpret this as support for the quality of data

selection, effectiveness of controlling for study heterogeneity as well as the selection of tests

and their assignment to the four components of physical fitness.

4.

Discussion

The aim of this systematic review was to provide an update on secular trends in selected

components of physical fitness of children and adolescents aged 618 years. The main findings

of this systematic review including 22 studies and 652 observations were (a) a large initial

increase and an equally large subsequent decrease between 1986 and 2010-12 in
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cardiorespiratory endurance; the decrease appears to have reached a floor for all children
between 2010 and 2015, but it was steeper for boys than girls, (b) a general trend towards a
small increase in relative muscle strength, (c) an overall small negative quadratic trend for

proxies of muscle power; and (d) a small-to-medium increase in speed since 2002.
4.1  Secular Trends and Effects of Sex for Components of Physical Fitness

In this systematic review, we provide new information on secular trends in physical fitness of
children and adolescents (i.e., cardiorespiratory endurance, relative muscle strength, proxies of
muscle power, and speed). There is evidence that cardiorespiratory endurance particularly
declined between 1986 and 2010-12. Of note, it seems that the decline diminished during recent
years for boys and girls. This finding confirms a recently published update by Tomkinson et al.
[17] for cardiorespiratory endurance which showed that the international rate in
cardiorespiratory endurance decline has slowed, but stabilized since the turn of the century for
both boys and girls. Furthermore, Tomkinson et al. [17] reported that declines in
cardiorespiratory endurance were larger for boys compared to girls which is also in line with

our results.

These corresponding findings between our systematic review and the analysis of Tomkinson et
al. [17] emphasize that the two reviews complement each other despite their different
methodological approaches. While Tomkinson et al. [17] focused on the 20-m shuttle run, we
additionally included data of time- and distance-related cardiorespiratory endurance tests.
Tomkinson et al. [17] used the performance data from the 20-m shuttle run test and the equation
provided by Léger and colleagues [65] to estimate VOzpeak from 20-m shuttle run performance
for children and adolescents aged 8-19 years, irrespective of sex. In contrast, we used z-scores

as a common metric for all included tests.

Tomkinson and Olds [15] outlined that secular trends in physical fitness are affected by several
aspects like changed social, behavioral, physical, psychosocial, and physiological factors.
Especially psychosocial factors such as motivation, one's willingness to push to maximally, and
pacing strategies may have played a role, but unfortunately cannot be controlled. There are
several reasons why especially fat mass and BMI may influence cardiorespiratory fitness. First,
two studies reported that 40% [66]—70% [67] of the changes in cardiorespiratory endurance can
be explained by changes in BMI. Second, performance in weight-bearing activities such as
running over longer distances, etc. is negatively influenced by a high fat mass [28]. Cureton et
al. [68] showed that gains in weight / higher fat mass significantly increased the energy cost

during running. Therefore, the VO2max (expressed relative to body mass) has a lower

87



PUBLICATION I

asymptote. Third, trends in cardiorespiratory endurance (decline which was recently mitigated)
coincide with international trends of overweight and obesity. The NCD Risk Factor
Collaboration [69] reviewed an increasing prevalence in overweight and obesity in school-aged
children worldwide between 1975 and 2016, but stated that the trend has recently flattened,

albeit at a high level, especially in high-income countries.

Another factor that might affect cardiorespiratory endurance is the level of PA. Although
evidence-based information about secular trends in PA are missing [70], a recently published
study by Guthold et al. [4] stated that in 2016 about 80% of children and adolescents (girls:
84.7% and boys: 77.6%) worldwide did not meet the recommended 60 min at moderate-to-
vigorous PA per day proposed by the WHO. However, compared with data of 2001 PA levels
have been relatively stable in girls over the past 15 years (85.1%), and have slightly improved
in boys (80.1%). Keeping in mind the causal interaction between PA and physical fitness [11],
the low(er) levels of PA might lead to a diminished exercise stimulus and consequently to

reduced cardiorespiratory endurance [66].

Our update provided information on secular trends in relative muscle strength indicating a
general trend towards a small increase in fitness related to relative muscle strength. In this
respect, our systematic review also complements a recently published analysis conducted by
Dooley et al. [18] about secular trends in absolute muscle strength using handgrip data. They
showed that the international rate of improvement in handgrip strength progressively increased
between 1967 and 2017 in 2,000,000 children and adolescents aged 9-17 years living in 19

countries.

With respect to proxies of muscle power, our systematic review revealed a small negative
quadratic trend and with respect to speed a small-to-medium increase in recent years. Here, we
describe some differences with an earlier comprehensive review that analyzed similar measures
of speed and proxies of muscle power. In fact, Tomkinson [16] summarized the existing
literature on physical fitness of children and adolescents between 1958 and 2003. He included
proxies of muscle power and speed data of 25,000,000 children and adolescents aged 6-19
years living in 27 countries across five geographical regions between 1958 and 2003. For
proxies of muscle power, Tomkinson [16] reported a decline starting in 1985 and no evidence
for differences between boys and girls. We observed a decline starting in 1995 after a previous
increase for boys and a flattening for girls. According to the Tomkinson review [16], speed has
flattened since about 1985 after a previous slight increase for boys and girls. In contrast, we

observed an initial increase which turned to a decline at about 1982 until 2002 for boys and
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girls. We note that our effects are in the small-to-medium range and that we had fewer studies
contributing to these two fitness components than for cardiorespiratory endurance. Tomkinson
[16] considered a much larger data base including the grey literature, many more children and
adolescents and many more countries. The differences may well be due to differences in

methods and study design.

Compared to secular trends in cardiorespiratory endurance (1.5 SD for boys and for girls),
smaller trends were observed for relative muscle strength, proxies of muscle power, and speed
(0.5-1.0 SD). The reason for the observed different effects might be the varying influence of
fat mass / BMI on components of physical fitness. Tomkinson et al. [28] examined to what
extent fat mass / BMI influences cardiorespiratory endurance, proxies of muscle power, and
speed. Fat mass / BMI correlated stronger with cardiorespiratory endurance (1600 m run) than
with a proxy of muscle power (standing broad jump) or speed (50-m sprint). The correlations
were r = -0.52 for cardiorespiratory endurance, r = -0.20 for proxies of muscle power, and r = -
0.24 for speed [28]. Furthermore, Tomkinson et al. [28] stated that for fat-free mass, the effect
is the opposite. The correlations between fat-free mass and proxies of muscle power (r = 0.59)
and speed (r = 0.57) were stronger than for cardiorespiratory endurance (r = 0.21). Based on
our findings and the available data, we cannot conclude whether it is a matter of fitness or
fatness. When taking the work of Tomkinson et al. [28] into account, it seems that fatness plays

a role particularly with cardiorespiratory endurance.
4.2  Overall Interpretation and Implications

Overall, this systematic review demonstrated that there is no generic secular trend across the
different physical fitness components and years because of significant cubic secular trends in
measures of cardiorespiratory endurance, relative muscle strength, proxies of muscle power,
and speed. Therefore, physical fitness components must best be analyzed separately because
the components showed different patterns of secular trends over time. We recommend to
regularly examine secular trends according to the specific physical fithess components and the
monitored time span to detect changes in physical fitness as early as possible. Schools offer a
suitable setting for the assessment of physical fitness because they reach all children during

their development, growth, and formation of habits.

Because of the different trends in physical fitness observed in this systematic review and the
literature, we recommend to further initiatives in PA and fitness promotion for children and
adolescents. More specifically, public health efforts should focus on exercising

cardiorespiratory endurance and muscle strength because cardiorespiratory endurance [13] and
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muscle strength [8] have been reported to be positively associated with markers of health (i.e.,
body mass index, waist circumference, body fatness, bone mass) in children and adolescents.

In addition, sufficient levels of muscle strength are a prerequisite for motor skill learning [71].

In this context, schools have a responsibility for promoting a physically active lifestyle because
it is the only setting that reaches all children regardless of their socioeconomic background [72].
Therefore, structural curricula such as active recess, active education or active transportation to
school, etc. are reasonable factors to reduce sedentary behavior and promote PA [73, 74]. It is
crucial that parents and families are also included in these means [59]. Furthermore, the role of
physical education classes need to be strengthened to enable enhanced PA and fitness levels
[73-75]. Several studies verify the positive impact of resistance training [76—80] and endurance
training [81, 82] on children’s physical fitness. Based on this research, muscle strengthening
and aerobic exercises can be included in the curricula as several studies [83—85] indicated that
well-structured and well-designed physical education lessons can have a positive impact on
physical fitness of children and adolescents. In addition, Faigenbaum and Bruno [86] stated that
children and adolescents who are regularly engaged in PA (e.g., through physical education,
etc.) were more eager to develop complex movements and sport skills (e.g., in a sport club or

free play).
4.3 Limitations

This systematic review has some limitations. First, biological maturity or anthropometric data
(e.g., body mass or body height) were not considered in the analysis because this information
were not available in most of the included studies. There is strong evidence that physical fitness
is related to biological maturity as more mature children and adolescents outperform less mature
children and adolescents in physical fitness [87]. Furthermore, studies [88, 89] indicated a trend
towards earlier maturation (age of puberty onset) over the last few centuries which is
accompanied by an increase in physical fitness which may have influenced and altered secular
trends. Future studies on secular trends in physical fitness of children and adolescents should
always report the biological maturity status if possible. Second, every included study used
different study designs (tests, instruments, methods, environmental conditions, etc.) for
measuring physical fitness which resulted in inter-study variance especially for
cardiorespiratory endurance and relative muscle strength. To better evaluate secular trends in
physical fitness, future studies are advised to use identical test procedures among representative
samples of children and adolescents worldwide [90]. Third, secular trends were mainly reported

for high-income countries such as the United States, Australia, and Europe. Future studies
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should also be conducted in middle- and low-income countries using simple, cheap, valid, and
reliable physical fitness measures. Fourth, the included studies are usually not representative of
the population of their countries. Future studies should collect country-specific representative
data. Fifth, all included studies reported mean values of secular trends. However, trends in mean
values might be systematically biased if there have been concurrent trends in skewness whereas
median values will not be biased. Future studies should also relate to measures of centrality
(e.g., medians), variability (e.g., standard deviations), and asymmetry (e.g., skewness). Sixth,
we do not claim that our systematic review was exhaustive; grey literature, project reports or
unpublished work were not considered. Finally, an assessment of risk of bias was not

conducted. Accordingly, future studies should include risk of bias assessment in their analysis.
5. Conclusions

This systematic review documents a large initial increase and an equally large subsequent
decrease for cardiorespiratory endurance starting in 1986 and lasting until 2010-12. The
decrease appears to have reached a floor for all children between 2010 and 2015. Measures of
relative muscle strength showed a general trend towards a small increase. Measures of proxies
of muscle power indicated an overall small negative quadratic trend. For measures of speed, a
small-to-medium increase was observed since 2002. Because of the different trends in physical
fitness, we recommend to further initiatives in PA and fitness promotion for children and
adolescents. More specifically, public health efforts should focus on exercising
cardiorespiratory endurance to prevent adverse health effects (i.e., overweight, obesity) and
muscle strength to lay a foundation for motor skill learning. Further, studies are needed that
examine dose—response relations for muscle and bone strengthening exercises in children and

adolescents.
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Abstract

Children’s physical fitness development and related moderating effects of age and sex are
well documented, especially boys’ and girls’ divergence during puberty. The situation
might be different during prepuberty. As girls mature approximately two years earlier
than boys, we tested a possible convergence of performance with five tests representing
four components of physical fitness in a large sample of 108,295 eight-year old third-
graders. Within this single prepubertal year of life and irrespective of the test,
performance increased linearly with chronological age, and boys outperformed girls to a
larger extent in tests requiring muscle mass for successful performance. Tests differed in
the magnitude of age effects (gains), but there was no evidence for an interaction between
age and sex. Moreover, “physical fitness” of schools correlated at r = 0.48 with their age
effect which might imply that "fit schools” promote larger gains; expected secular trends
from 2011 to 2019 were replicated.

Introduction

Children’s development of physical fitness as well as the effects of moderating variables such
as age and sex are well documented!~’, especially boys’ and girls’ divergence during puberty
starting late in the twelfth and tenth year of life, respectively®. The situation might be different
during prepuberty. Girls mature visibly about two years earlier than boys, but sex hormones
rise already much starting at eight years of age®*%. If the early rise of sex hormones relates to
body composition, the question arises whether there is evidence for faster development of girls
than boys in this year, leading to a convergence of performance in physical fitness during the

transition from pre-puberty to puberty?

A longitudinal study on the development of different fithess components highlights sex-specific
performance trajectories in youth aged 9 to 12 years®. This study was a precursor project of the
present cross-sectional study and tested four components of physical fitness in four annual
assessments including 240 children®. The main panels in Figure 1 illustrate sex- and age-
differential development for cardiorespiratory endurance, coordination, speed, and power
(assessed separately for lower [powerLOW] and upper [powerUP] limbs). The five tests used

for the assessment are described in the figure caption.
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Figure 1. Physical fitness curves of a longitudinal sample of 240 German boys (closed circles) and girls (open circles) followed
from age 9 to 12 years for endurance = cardiorespiratory endurance (i.e., 9 min run test), coordination (i.e., running
in a star like pattern), speed (i.e., 50-m linear sprint test), powerLOW = power of lower limbs (i.e., triple hop test),
and powerUP = power of upper limbs (i.e., ball push test). The insets show for each test score the regression on age
for the first assessment when children were between 9.00 and 9.99 years old. Also shown are the means for groups
of boys and girls binned into three age groups (i.e., 9.00-9.33; 9.34-9.66; 9.67-9.99). Error bands are 95% Cls. Data
are from Golle et al.®.

Speed, powerLOW, and powerUP follow a mostly linear trajectory, whereas cardiorespiratory
endurance and coordination are characterized by a curvilinear development®. These age-related
differences can mostly be attributed to growth (increasing body mass and body height) and
maturation during childhood and adolescence?. For instance, while increased body mass may
have a positive impact on ball push test performance, it may negatively influence performance
in tests such as the 6 or 9 min run tests which afford the continuous acceleration of the body?2.
Furthermore, the fact that boys significantly outperform girls in these tests® is due to differences
in muscle mass favouring boys; there is evidence that prepuberal boys have on average 3.7%
larger muscle mass compared with girlst%3. In line with this argument, Golle et al.® observed
larger sex differences in fitness tests demanding muscle mass (e.g., powerUP) compared with

tests of motor coordination (e.g., running in a starlike pattern).

The longitudinal study of Golle et al.® and other cross-sectional studies*®’141 showed
performance increases for all components of physical fitness over childhood and adolescents.
However, it may come as a surprise that in the longitudinal study of Golle et al.® none of the
cross-sectional age differences and none of the interactions with sex were significant within the
respective assessment years - neither when aggregated over tests nor when tested for individual
tests; the insets in Figure 1 show these non-significant trends and the means for three age groups

for the first assessment of tests when children were between 9.00 and 9.99 years (see
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Supplement B for details of a reanalysis). However, the absence of evidence for cross-sectional
age differences and their interactions with sex within a single year of life at a prepubertal
development stage must not be taken as evidence for their absence'®, because statistical power

may not have been sufficiently large.

Our study included a very large representative sample of 108,295 eight-year old third graders.
This large sample allowed us to zoom into a cross-sectional short-term ontogenetic window. In
this single year of life, we expected to detect age differences that were not significant in the
insets of Figure 1. Indeed, we expected that the component differences in developmental gains
(i.e., the differences in slopes) will be in general agreement with those in the main panel of
Figure 1 because gains should be larger (favouring older children) in tests that do not demand
continuous acceleration of the body as with the ball push test vs the 6 min run test*2. Similarly,
as in Figure 1 (both in the main panel and in the insets) the test-related sex effects (i.e., the
differences between the lines) will be larger, the more muscle mass is required to perform a
physical fitness testl? (favouring boys) and less for tests involving motor coordination?’. In
other words, in general, we expected to anticipate the long-term ontogenetic longitudinal trends
across four years with short-term ontogenetic cross-sectional trends within a single year for

younger children in the third grade.

There is one exception to this expectation of agreement between short-term and long-term
ontogenetic trends: The only significant interaction between age and sex was reported for
powerUP (see right panel in Figure 1) indicating divergence between boys and girls. If physical
fitness components carry an early prepubertal signal in eight-year olds, then we should observe
convergence of scores because girls will benefit earlier than boys from the rise of sex

hormones® 1,

Cross-sectional analysis has been criticized for good reasons and in general preference is given
to longitudinal analysis, mostly because only the latter delivers information about
intraindividual growth®. However, we propose that, when the focus is on short-term
ontogenesis, that is on changes within, not between years of life, a cross-sectional design is
probably the only option to determine development-related gains because this design
circumvents practice effects, a necessary consequence of repeated testing of physical fitness
within a year. Another problem of cross-sectional designs are cohort effects (i.e., age-correlated
cultural change). However, cohort effects are certainly negligible for children who attend the
same grade but differ in age only within the same year of life. Thus, with the exception of loss

of information about interindividual differences in intraindividual change, a cross-sectional
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design is more suitable to determine how within-year developmental profiles differ between
health-related (e.g., cardiorespiratory endurance)® and skill-related components of physical

fitness (e.g., power, speed, coordination)*é,

Just as there are individual differences in physical fitness between children, there are also
differences between the over 500 schools in how much they implement programs that facilitate
gains in the development of physical fitness'®. Explanatory hypotheses about these differences
are beyond the scope of this article, but our use of a linear mixed model for statistical inference
affords exploratory tests for their presence and adjusts test statistics for school-related sources
of variance. Finally, as data collection for this cross-sectional study occurred annually from
2011 to 2019, secular trends are another source of variance in scores that must be taken into
account. Here we expected that the results will be in line with recent original research and meta-

analyses and show a decline in cardiorespiratory endurance and an increase in speed?-22,

In summary, the hypotheses about age- and sex-related differences in physical fitness tests were
tested with a linear mixed model (LMM) that afforded the simultaneous consideration of
children, schools, and cohorts as random factors and the estimation of variance components and
correlation parameters for (a) test scores, (b) effects of contrasts between the tests, and (c) in
the case of schools and cohorts also effects of age-related gains and sex differences. These
model parameters serve primarily as measures of statistical control for the fixed effect estimates
but may also yield substantive insights about the dynamics of development. For example, for
correlations of scores, we expected the usual positive manifold between the tests, but for
correlations of effects (i.e., the contrasts between tests) no directed hypotheses were formulated
given the usually low reliability associated with difference scores. Although age and sex are
between-child factors, they are also both within-school and within-cohort factors, providing us
with the opportunity to detect reliable variance components and correlation parameters for these
factors. No directed hypotheses were formulated for schools. However, secular trends are well

documented, and we expected to replicate them.

Results
Overview

Table 1 displays statistics for fixed effects of age (linear) and sex as well as their interactions
with the four test contrasts for LMM m2. Test-specific z-transformations eliminated main
effects of contrasts HI to H4 (all z < 0.99). Neither the age x sex interaction nor any of the

interactions of this term with the four test contrasts were significant (all |z| < 1.74). Adding
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quadratic trends of age and their associated interactions to the model, did not significantly
contribute to goodness of fit; ¥*(10) = 9.17, p = 0.52. None of the age x sex interaction was
significant when tested separately for the five tests (all |z| < 1.04; see Supplement A for details

about both control LMMs).
Age-related gains

Figure 2 displays both the gains in physical fitness with age and boys’ higher scores than girls’
in each of the five physical fitness tests. The parallel lines in each panel also visualize the lack

of significant evidence for age x sex as well as age x sex X test interactions.

Table 1 Fixed-effect estimates of linear mixed model
Fixed-effect Standard

Source of variance . z-values Pr (> |z|)
estimates error
Main effects
Grand mean (intercept) -0.038 0.011 -3.57* <0.001
H1: coordination vs. endurance 0.019 0.024 0.76 0.445
H2: speed vs. coordination -0.033 0.033 -1.01 0.313
H3: powerLOW vs. speed 0.033 0.033 0.99 0.323
H4: powerUP vs. powerLOW 0.005 0.020 0.24 0.808
Age (linear) 0.271 0.009 31.60* <0.001
Sex 0.413 0.005 86.52* <0.001
Age (linear) x Sex 0.002 0.014 0.14 0.888
Age (linear) x Component
H1: coordination vs. endurance 0.216 0.012 18.44* <0.001
H2: speed vs. coordination -0.069 0.011 -6.22* <0.001
H3: powerLOW vs. speed -0.007 0.010 -0.69 0.491
H4: powerUP vs. powerLOW 0.307 0.012 25.87* <0.001
Sex x Component
H1: coordination vs. endurance -0.260 0.007 -39.03* <0.001
H2: speed vs. coordination 0.078 0.006 12.35* <0.001
H3: powerLOW vs. speed 0.066 0.006 11.24* <0.001
H4: powerUP vs. powerLOW 0.296 0.007 43.84* <0.001
Age (linear) x Sex x Component
H1: coordination vs. endurance 0.0393 0.023 1.74 0.082
H2: speed vs. coordination -0.014 0.021 -0.63 0.527
H3: powerLOW vs. speed -0.020 0.020 -0.99 0.324
H4: powerUP vs. powerLOW 0.025 0.023 1.07 0.282

H1 to H4 = hypothesis 1 to 4, endurance = cardiorespiratory endurance (i.e., 6 min run test), coordination = star run test, speed
= 20-m linear sprint test, powerLOW = power of lower limbs (i.e., standing long jump test), powerUP = power of upper limbs
(i.e., ball push test), * = z-value > 3.0, linear mixed model random factors: cohorts (9), schools (515), children (108,295),
observations = 525,126 (missing = 3%). For estimates of variance components and correlation parameters see Table 3.

Despite the small age range, the differences were large and visible for all five physical fitness
tests; the overall linear trend for age was significant (z = 31.60). The LMM tested the
interactions of age with the four test contrasts, that is whether slopes in neighbouring panels
(averaged across sex) were parallel. The left two panels (H1) and the right two panels (H4)
show that this is clearly not the case — even without a statistical test. Indeed, three of four

expected interactions were significant (see second block of Table 1): the age slope was larger
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for coordination than cardiorespiratory endurance (H1; z = 18.44), larger for coordination than
speed (H2; z =-6.22), and larger for powerUP than powerLOW (H4; z = 25.87). The difference
between age slopes for powerLOW and speed (H3) was not significant (z = -0.69).

Counter to this profile of differences, Figure 2 which is based on observed scores suggests that
speed gain is larger than powerLOW gain. Indeed, this contrast was significant for LMM m1,
that is as long as VVCs for cohort-related differences between tests were not in the LMM. The
large differences in secular trends are shown in Figure 4 (below); adjusting for them in the

LMM vyielded the reported partial effects.
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Figure 2. Performance differences between 8.0 und 9.0 years by sex in the five physical fitness tests presented as z-transformed
data computed separately for each test. Endurance = cardiorespiratory endurance (i.e., 6 min run test), Coordination
= star run test, Speed = 20-m linear sprint test, PowerLOW = power of lower limbs (i.e., standing long jump test),
PowerUP = power of upper limbs (i.e., ball push test), SD = standard deviation. Points are binned observed child
means; lines are simple regression fits to the observations; 95% confidence intervals for means ~ 0.05 are not visible.

Sex-related effects

The difference between lines in Figure 2 displays the expected differences between boys and
girls for the performance in the five physical fitness tests; the overall sex effect was significant
with z = 86.52. The third block of Table 1 lists statistics for the interactions between sex and
the tests contrasts. All interaction terms were significant and in agreement with a priori
expectations. Boys performed better than girls on cardiorespiratory endurance than
coordination (H1; z = -39.03), better on speed than coordination (H2; z = 12.35), better on
powerLOW than speed (H3; z = 11.24), and better on powerUP than powerLOW (H4; z =
43.84). The magnitude of these interactions is shown in Figure 2 in the differences between the

parallel lines for boys and girls for neighboring panels (averaged over age).
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Variance components and correlation parameters
Test scores

Table 2 lists estimates of VCs and CPs for the five test scores from a re-parameterized version
of LMM "'m2" with the same goodness of fit and the same estimates for fixed-effects. The test-
related VVCs were large for children (0.72 to 0.78), of medium-size for schools (0.24 to 0.37),
and small for cohorts (0.03 to 0.06). VCs for the age-related gains (slopes 0.10) and the sex
effect (0.05) were also small for schools. It is noteworthy that the differences between schools

in the age-related gain of their children is larger than the differences between cohorts.

Table 2 Variance components, correlation parameters, and zero-order correlations for test scores

VvC CP\r
Component End Coord Speed PowerLOW  PowerUP Age Sex
Child
Endurance 0.74 1.00
Coordination 0.76 0.56 1.00
Speed 0.76 0.61 0.67 1.00
PowerLOW 0.78 0.59 0.65 0.77 1.00
PowerUP 0.72 0.25 0.45 0.43 0.50 1.00
School
Endurance 0.32 1.00
Coordination 0.37 0.35 1.00
Speed 0.31 0.34 0.33 1.00
PowerLOW 0.25 0.37 0.39 0.43 1.00
PowerUP 0.24 0.19 0.18 0.28 0.26 1.00
Age 0.10 0.44 0.34 0.28 0.32 0.21 1.00
Sex 0.05 0.12 -0.05 0.11 0.19 -0.04 0.25 1.00
Cohort
Endurance 0.05
Coordination 0.04
Speed 0.06
PowerLOW 0.04
PowerUP 0.03

End = cardiorespiratory endurance (i.e., 6 min run test), Coord = star run test, Speed = 20-m linear sprint test, PowerLOW =
power of lower limbs (i.e., standing long jump test), PowerUP = power of upper limbs (i.e., ball push test), VC = variance
component, CP \ r = correlation parameter \ zero-order correlation; linear mixed model correlation parameters are shown in
black and corresponding pairwise zero-order correlations in light grey for children (top) and schools (middle). Theoretically
relevant correlations discussed in the text are set in bold. VC for Residual = 0.53. VCs and CPs are based on full set of data;
ZOC correlations are based on subsets of data (Child: 96,529 children from 512 schools; School: 93,661 children from 421
schools).

In the first block of Table 2, CPs between tests scores for children are shown in black and the
corresponding zero-order correlations (ZOCs) are shown in light grey. The ZOCs are based on
96,529 children with complete test scores; they came from 512 different schools. In the second
block, we list corresponding results for schools. For this analysis, we also added the criterion
that a school had to report complete data from more than 30 boys and 30 girls to ensure stable
estimation of age and sex effects within schools. This criterion left us with 421 schools, 93,661
children, and 468,305 scores.
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There were three noteworthy patterns of results. First, as expected, all child- and school-related
CPs and ZOCs between test scores were positive. Thus, the five tests represent a latent construct
“physical fitness” both for differences between children and for differences between schools.
This was also supported by a random-effects principal component analyses (rePCA) of the two
orthogonal random-effect structures. The first principal component (PC1) loadings ranged from
0.49 to 0.35 for the child-related PC1 and from 0.45 to 0.29 for the school-related PC1,

accounting for 65% and 38% of the respective variances (see Supplement A for details).

Second, the tests did not correlate equally highly with each other. Most notably, the child-
related CPs of cardiorespiratory endurance, coordination, speed, and powerLOW correlated
very highly between 0.56 and 0.77, but their correlations with powerUP were distinctly smaller
(CPs: 0.25 to 0.50). This observation holds also for the other three correlation matrices, but

overall correlations were smaller (see Table 2 for all CPs).

Again, this interpretation was supported by rePCAs (see Supplement A for details). The
smallest loading on child- and school-related PC1s was obtained for powerUP (0.35, 0.29).
Moreover, for children the loadings for the second PC2s (15%) represented the difference
between cardiorespiratory endurance (0.53) and powerUP (-0.84). Similarly, for schools the
third PC3 (12%) represented the difference between the average of cardiorespiratory endurance
(0.31) and coordination (0.47) and powerUP (-0.71). We take this PC2/PC3-based difference
score as support for the hypothesis that powerUP favoured heavier children for who strength of

arms may mask reduced cardiorespiratory endurance and coordination (see Discussion).

Third, child-related CPs (Table 2, black numbers) were larger than child-based ZOCs (Table 2,
light grey numbers). This was a rather striking pattern because one might expect the opposite
given that ZOCs were confounded with large effects of age and sex. Conversely, CPs were
larger despite adjustment for sex and age differences in the fixed effects and for differences due
to schools and cohorts in the random-effect structure of the LMM. The reason for the result is
LMM-based shrinkage of conditional means of the units of the random factors in the direction
of the GM. Thus, the entire data set was used to “correct” unreliable observations, also called
“borrowing strength” to improve predictions. Due to this shrinkage correction for unreliability,

CPs revealed the latent relations between measures much more clearly than ZOCs.
Effects of test contrasts

In the random-effect structure of LMM m2, estimates were returned for child-, school-, and
cohort related VCs for GM and the four test contrasts; VCs of age and sex were also estimated

for school. CPs for child and school reflect correlations between the contrasts (i.e., effect
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correlations). The results are shown in Table 3. As in Table 2, CPs are shown in black and

corresponding ZOCs are light grey.

VCs for test contrasts were larger (0.47 to 0.72) for children and somewhat smaller, but still
highly reliable (0.30 to 0.40) for schools, especially when compared to VCs estimated for
school-related age (0.10) and sex (0.05) effects, and especially when compared to cohort-related
effects (0.04 to 0.09). CPs and ZOCs of effects are smaller than CPs and ZOCs based on test
scores because, with the exception of those involving GM, they are all based on difference

Scores.

There were two results of theoretical relevance. First, there was a negative CP for rGM.H4 for
children (-0.31): If we invert the difference score to convert to a positive correlation, then large
values of GM correspond to a large difference between powerLOW and powerUP. In other
words, the larger powerLOW relative to powerUP, the larger is the expected value for GM.
Thus, in line with the special status of powerUP reported above, powerUP is better thought of
as an adjustment or sharpening of physical fitness as indicated by PowerLOW than as a genuine

indicator of physical fitness by itself. The corresponding ZOC was only -0.13.

Table 3 Variance components, correlation parameters, and zero-order correlations for test-related contrasts

VC CP\r

Effects GM H1 H2 H3 H4 Age Sex
Child
Grand Mean 0.60 1.00
H1: coordination vs. endurance 0.67 0.11 1.00
H2: speed vs. coordination 0.58 0.06 -0.51 1.00
H3: powerLOW vs. speed 0.47 0.04 0.01 -0.36 1.00
H4: powerUP vs. powerLOW 0.72 -0.31 0.15 -0.20 -0.23 1.00
School
Grand Mean 0.20 1.00
H1: coordination vs. endurance 0.40 0.14 1.00
H2: speed vs. coordination 0.40 -0.14 -0.59 1.00
H3: powerLOW vs. speed 0.30 -0.13 0.02 -0.50 1.00
H4: powerUP vs. powerLOW 0.30 -0.19 -0.04 0.06 -0.38 1.00
Age (linear) 0.10 0.48 -0.03 -0.11 -0.01 -0.10 1.00
Sex 0.05 0.09 -0.14 0.13 0.05 -0.19 0.25 1.00
Cohort
Grand Mean 0.02
H1: coordination vs. endurance 0.05
H2: speed vs. coordination 0.08
H3: powerLOW vs. speed 0.09
H4: powerUP vs. powerLOW 0.04

H1 to H4 = hypothesis 1 to 4, endurance = cardiorespiratory endurance (i.e., 6 min run test), coordination = star run test, speed
= 20-m linear sprint test, powerLOW= power of lower limbs (i.e., standing long jump test), powerUP = power of upper limbs
(i.e., ball push test), VC = sgrt (variance component), CP \ r = correlation parameter \ zero-order correlation; linear mixed
model correlation parameters are shown in black and corresponding pairwise zero-order correlations in light grey for children
(top) and schools (middle). Theoretically relevant correlations discussed in the text are set in bold. VC for Residual = 0.54.
VCs and CPs are based on full set of data; ZOC correlations are based on subsets of data (Child: 96,529 children from 512
schools; School: 93,661 children from 421 schools).
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Second, we note three large negative CPs (r H1.H2, r H2.H3, and r H3.H4). However, these
correlations are ambiguous because the contrasts had a test in common (i.e., coordination is part
of H1 and H2; speed is part of H2 and H3; powerLOW is part of H3 and H4).

Third, the largest effect CP was observed between age and GM for schools (+0.48) suggesting
that “fitter” schools promote more developmental change across the school year. Figure 3A
displays a visualization of the CP using a scatterplot of the conditional means of age-related

gain over conditional means of GMs of physical fitness for the 515 schools.
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Figure 3. (a) Visualization of correlation parameter between Grand Mean (GM) and yearly gains (age effect) of 515 schools
using conditional means resulting from shrinkage correction of observed data with LMM parameters. (b) Scatterplot
of observed GMs and yearly gains (within-school age slopes) for 421 schools reporting data from more than 30 boys
and 30 girls. (c) After sorting schools into groups of high vs. low physical fitness (split at 0) and high vs. small gain-
rate (split at the gain of +0.25), the interaction corresponding to the CP becomes visible; error bars are 95% Cls. SD
= standard deviation.
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The scatterplot is not identical with the CP, in fact the correlation is 0.75, because conditional
means are “predictions” of the school age effect and GM using the school data and all model
parameters to correct for unreliability in the scores. Indeed, as shown in Figure 3B, there is no
evidence for this relation in the uncorrected scatterplot corresponding to the ZOC of 0.19. A
significant CP corresponds to a simple interaction in the data and this interaction can be
visualized by sorting schools into those of high and low physical fitness (split at z-score = 0)
and those with a high and small gain for their children in the third grade (split at the age slope
of +0.25). In an ANOVA of schools’ observed mean physical fitness values the interaction
between these two post-hoc grouping factors was significant; F(1, 417) = 4.22, MSe = 0.012, p
<0.05. Of course, from a correlation we cannot infer the direction of causality. “Fitter schools”
(e.g., schools offering extracurricular sport-related activities) may facilitate gains in children’s
fitness. Alternatively, if we assume that fitter children gain more in a year, then a school’s high
fitness as well as the associated large gain could be the result of being attended by fitter children

(e.g., due to the school’s location in a high-SES region).
Cohort-related variance components

The small, but significant VVCs related to the random factor cohort indicate that there were
reliable test x cohort interactions; they are shown in Figure 4. Across the nine years from 2011
to 2019 there was a performance decline for cardiorespiratory endurance and an increase for
speed. The other three components exhibit an initial increase followed by a decline of

performance in recent years.
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Figure 4. Cohort-related change of components of physical fitness. Points are observed means with 95% Cls. Lines are third-
order polynomial trends fitted to children’s scores along with 95% error. Note the much smaller range of the y-axis
(i.e., from -0.10 to +0.10) compared to age effects shown in Figure 2. Endurance = cardiorespiratory endurance (i.e.,
6 min run test), Coordination = star run test, Speed = 20-m linear sprint test, PowerLOW = power of lower limbs
(i.e., standing long jump test), PowerUP = power of upper limbs (i.e., ball push test).

Goodness-of-fit statistics and model residuals

Additional details about the LMM analyses are documented in Supplement A which also
contains information about the control LMMs. Despite their complexity, all models converged
without problems and there was no evidence of estimates of parameters at their boundaries.
Overparameterization was observed only for the most complex LMM m4. Thus, with this
exception, the LMMs were supported by the data. Finally, we carried out residual-based
diagnostics (e.g., g-q plot, standardized residuals over fitted values, etc.) for the reference LMM

m2 with CPs for effects (Table 1, Table 3). These tests did not reveal any problems.

Discussion

The aim of this study was to examine short-term ontogenetic cross-sectional developmental
differences in physical fitness for five tests tapping health- and skill-related components of
physical fitness in a large sample of 108,295 German eight-year old children. Even in a single
prepubertal year of life (1) performance increases linearly with chronological age in all physical
fitness tests, (2) boys outperform girls in all physical fitness tests with sex differences being
larger for tests requiring muscle mass and being smaller for tests requiring motor coordination,
(3) the tests differ, mostly as expected, in the size of age and sex effects, (4) four of the five
tests represent a common construct (i.e., correlate strongly positively with each other) — the
exception is the ball push test that requires powerUP, (5) “physically fit schools” apparently
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promote more developmental gains within a year (but this is only correlational evidence) and
(6) diverging secular trends for cardiorespiratory endurance (negative) and speed (positive) are
in agreement with other research and meta-analyses. Furthermore, there was no evidence for an
interaction of age and sex — with each other or with the test contrasts despite an abundance of
statistical power. Counter to folklore, a very large data set (i.e., 108,295 subjects and 525,126
observations) did not “automatically” render everything significant! Given this statistical
power, we are strongly inclined to interpret the absence of evidence for interactions as evidence

of absence of interactions for these five tests of physical fitness?®.

Boys outperformed girls in all four physical fitness components (cardiorespiratory endurance,
coordination, speed, power [LOW/UP]). This is in line with other studies reporting normative
values?>1423-26 For instance, Tambalis et al.> reported that boys aged 6 to 18 years showed
significantly better performances for cardiorespiratory endurance (i.e., 20 m shuttle run test),
powerLOW (i.e., standing long jump test), and agility (i.e., 10 x 5 m agility shuttle run test)
compared to girls. Furthermore, De Miguel-Etayo et al.? described that boys aged 6 to 10 years
significantly outperformed girls in cardiorespiratory endurance (i.e., 20 m shuttle run test),
speed (i.e., 40 m sprint test), and powerLOW (i.e., standing long jump test).

What are the reasons for the observed large test-specific sex differences? Sex-related
differences in body composition appear to be likely candidates to account for the observed
findings. The larger sex effect in powerUP compared to powerLOW can be explained by a
better proportion of strength relative to body mass especially in the upper limbs in boys
compared to girls?’?8. The large difference in cardiorespiratory endurance can be explained by
physiological factors such as boys’ better mechanical efficiency and fractional utilisation of
oxygen®2°, Furthermore, muscle mass* and muscle cross-sectional area®® favour boys especially
in physical fitness tests that recruit muscle mass. Beside these anthropometric factors and
physiological demands, sociocultural aspects may also explain the sex difference. Haywood
and Getchell*° reported that girls usually participate in sports that require balance and flexibility
(e.g., gymnastics, figure skating) compared to boys who rather participate in strength-related

activities.

The sex effect was also significantly stronger for powerLOW than for speed. PowerLOW is
determined much more by muscle mass where boys usually outperform girls>35, In contrast,
speed is less influenced by muscle mass than by motor coordination where sex differences are
comparatively small®! or were not found at all*”. Therefore, the sex effect in powerLOW might

be larger than in speed. Obviously, the demand of coordination relative to power and
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cardiorespiratory endurance is even larger in the star run test than in the 20-m linear sprint
test32-34 and this could be a reason why the sex effect is smaller for the star run test than for

speed.

The observed decrease of sex differences in performances with increased demands for
coordination seems to be plausible. Coordination draws on many different central (e.g., brain)
and peripheral sites (e.g., motor units) within the nervous system®. The more a test engages the
brain, the less relevant sex is a performance limiting factor. In summary, the decrease of size
of sex effects across tests can most likely be explained by a decrease in the relevance of muscle
mass (favouring boys over girls) and an increase in the relevance in motor coordination

(associated with small or no sex effects)*":3L,

Within their ninth year of life, older children significantly outperform younger ones in all five
fitness tests. This was expected®>14, but there were no significant gains for a sample of 240
children in the tenth year of life (see insets of Figure 1). The absence of evidence for nonlinear
relations between performance and chronological age as well as the similarity of gains for boys
and girls are quite remarkable (see Figure 2), especially in light of what long-term ontogenetic
longitudinal research reveals when children are a few years older. Obviously, the current test
battery does not detect the onset of puberty in the ninth year of life! Nevertheless, the different
age-related grains for tests are compatible with what is known about the development of basic
physiological parameters: Growth of body mass and height positively influence the
performance in skill-related physical fitness components of coordination, speed and power. In
contrast, increases in body mass have a negative impact on performance in tests such as
cardiorespiratory endurance (e.g.., 6 min run test) where the own body mass has to be
accelerated continuously. The smaller age effect for cardiorespiratory endurance compared to
skill-related components to the remaining physical fitness components is in line with a study
conducted by de Miguel-Etayo et al.®. The authors could not find significant age differences in
cardiorespiratory endurance (i.e., 20 m shuttle run test) but amongst other in powerLOW (i.e.,
standing long jump test) and strength (i.e., absolute handgrip strength test) in a sample of
children aged 6 to 10 years. Similar, Viru et al.® stated that an accelerated improvement in
cardiorespiratory endurance occurs at the ages of 11 to 15 years in boys and 11 to 13 years in

girls.

As far as the differential age effects between the components of physical fitness are concerned,
tests of coordination, speed, and powerLOW share the highest correlations among the five tests.

These three tests share the relevance of muscle mass yielding power, but they differ in the
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relevance of coordination. As mentioned above, the sex effect within these three tests (i.e., star
run test < 20-m linear sprint test < standing long jump test; see differences between lines in
Figure 2) is in line with their ranking on coordination. For age-related gains within the school
year, the partial effects yielded star run test > 20-m linear sprint test and standing long jump
test, corresponding (roughly) to their ranking on motor coordination. The special status of
powerUP (i.e., ball push test) is not only evident with respect to its lower correlations with other
tests, but also with respect to the size of the age effect — by far the largest of the five tests (see

Figure 2).

Obviously, the performance in powerUP was influenced by factors other than physical fitness.
We propose that body mass contributes to performance in tests that assess powerUP. Heavier
children usually have a higher muscle mass compared to normal weighted children®’. While a
higher muscle mass positively influences performances in non-weight-bearing tests (e.g., ball
push test), it negatively influences performances in weight-bearing tests (e.g., standing long
jump test) because the body mass has to be accelerated in contrast to non-weight-bearing tests*?.
Therefore, tests for the assessment of powerUP favour heavier children for whom strength of
arms and trunk may mask reduced cardiorespiratory endurance and coordination. Thus, a high
score for powerUP may be more indicative of a lack of overall physical fitness because it does
not measure physical fitness to the same degree than the other four tests (i.e., small correlations
with the other four tests and GM). Our results suggest that the best indicator of physical fitness
is the average of the first four tests (cardiorespiratory endurance, coordination, speed, and
powerLOW). Analyses including body mass (not measured in the present study) could support

the interpretation of the special status powerUP in the assessment of physical fitness.

The linear mixed model included school as a second random factor, supported the estimation
of correlation parameters for test scores and age effects, and revealed a strong correlation (r =
0.48) between the age effect and overall physical fitness. The direction of causality is not clear,
but in line with Hattie'® and Garcia-Hermoso et al.3. The results are in agreement with the
hypothesis that schools differ in how much they qualitatively promote the development of
children’s physical fitness®. The development of physical fitness depends on the quality of the
physical education lessons and especially on the quality of the physical education teacher
teaching physical education3. These school differences in the age effect of physical fitness
within the third grade were strong enough to yield reliable differences in the overall physical

fitness of their children.
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Our study is not without limitations. First, the five tests do not cover all components of physical
fitness'® and there are alternative tests for each component. Although our results do not
necessarily generalize to other components like muscle strength, muscle endurance, or
balance'®, they represent those for whom an early detection of puberty was most likely. Second,
from a cross-sectional study we cannot know whether the linear gains for tests hold at the
individual level or are the result of averaging over individual differences in non-linear growth
curves. Obviously, high-density monitoring within a year would be desirable, but such
longitudinal data are not without their own problems. For example, learning effects could be
reduced due to the completion of at least three familiarization sessions® to separate learning
effects from growth. However, motivational factors may also play a role. The longitudinal
cardiorespiratory endurance data in Figure 1 suggest no further growth or even a decline in
performance for 12 year old children®. This is obviously not in agreement with what we know
about the objective development of cardiorespiratory endurance®*°. Third, divergence between
cross-sectional and longitudinal profiles is usually cultural change (i.e., cohort effects). Data
were accumulated from 2011 to 2019, which is long enough for cohort effects to materialize.
The variance of between cohort differences in physical fitness was by far the smallest source
examined in this study. Fourth, several important covariates (e.g., physical activity, sedentary
behaviour, socioeconomic indicators) which affect physical fitness were not assessed but could
provide an additional insight into the development of physical fitness. Fifth, physical fitness is
highly related to biological maturity and more mature youth outperform less mature youth in
physical fitness*®. Our study indicates the strongest test of an early detection of puberty-related
divergence with physical-fitness tests that we are aware of. We conclude that puberty-related
development has not started or is not strong enough yet in eight-year old children to be picked
up with physical fitness or some of its components. A joint analysis with anthropometric
measures (i.e., body mass, body height) and status of biological maturity (e.g., peak height
velocity, secondary sex characteristics) will allow a stronger test of the hypothesis that the onset

of puberty can already be detected in the ninth year of life.

To sum up, the short-term ontogenetic results of this cross-sectional study revealed test-specific
age and sex effects, but no interaction between age and sex despite an abundance of statistical
power. According to Ortega et al.*4 physical fitness data of an individual should be compared
with reference values of a sex and age-matched similar general population. Such norms are
usually only available on annual or semi-annual basis. Our results suggest that physical
education teachers, coaches, or researchers can use a proportional adjustment to adequately

evaluate physical fitness of prepubertal school-aged children. Furthermore, especially muscle

119



PUBLICATION Il

strength / powerUP should be promoted in sport activities for girls in order to reduce the large
sex difference between boys and girls. Lastly, physical education teachers, coaches, or
researchers should be careful in the interpretation of the ball push test and should consider that

it does not measure physical fitness to the same degree than the other tests.

Methods
Sample and study design

This cross-sectional study is part of the EMOTIKON project. The study was mandated and
approved by the Ministry of Education, Youth and Sport of the Federal State of Brandenburg,
Germany. The Brandenburg School Law*! requires that parents are comprehensively informed
prior to the start of the study. Consent is not needed given that the tests are obligatory for both,
children and schools. Physical fitness tests were administered to all third-graders in the state
annually between September and November from 2011 to 2019. Physical fitness tests were also
administered to 2009 and 2010 cohorts, but later in the school year that is between March and
April. Due to the seasonal variation in physical fitness these data were not included. Research

was conducted according to the latest Declaration of Helsinki.

We started with data from 144,045 children. Of those, we included only healthy children who
had been enrolled within the legal key date of the Federal State of Brandenburg, that is in a
given year of school enrolment they were at least 6.00 and at most 6.99 years old on September
30™ and, therefore, varied between 8.00 and 8.99 years in the third grade (n = 110,669). In
addition to early-entry (n = 2,664), late-entry (n = 30,457) and children without information
about birthdate (n = 255), we did not include children with signs of emotional (e.g., autism)
and/or physical disorders (e.g., disabilities like infantile cerebral palsy) that were evaluated by
the responsible and experienced physical education teacher based on a medical clearance (n =
28). After the first iteration, the LMM-based conditional means of the random effects identified
one school as an extreme outlier on several tests across the years and the 171 children of that
school were excluded as well. Finally, we applied a +/-3 SD criterion to individual test scores
which led to the exclusion of another 2,175 children (2%). This left us with 108,295 children
(i.e., 75% of those tested) from 515 different schools.

Physical fitness tests

Physical fitness was assessed with the EMOTIKON test battery (www.uni-

potsdam.de/en/emotikon/projekt/methodik for further information on the test protocols). The

120



PUBLICATION Il

five tests measured cardiorespiratory endurance (i.e., 6 min run test), coordination (i.e., star run
test), speed (i.e., 20-m linear sprint test), power of lower limbs (powerLOW [i.e., standing long
jump test]), and power of upper limbs (powerUP [i.e., ball push test]). The EMOTIKON test
battery officially includes six tests. Up to 2015 the sixth test was the stand and reach test
(flexibility) that was then exchanged against the single-leg balance test (balance). Due to the
much smaller of number of scores and their confound with cohort these tests were not included
in the analyses. The five tests yielded 525,126 scores from the 108,295 children (i.e., 3%
missing test scores).

Qualified physical education teachers of each school administered the tests according to
standardized test protocols during the regular physical education classes in the participating
schools (www.uni-potsdam.de/en/emotikon/projekt/methodik for further information on the
test protocols). Teachers were instructed in a standardized assessment through an advanced
training. Tests were always conducted in the morning between 8 and 12 o’clock.
Encouragement to achieve the best performance was permitted. Prior to testing, all third-graders
performed a standardized warm-up program consisting of different running exercises (e.g., side-

steps) and small games (e.g., playing tag).
Cardiorespiratory endurance

Cardiorespiratory endurance was assessed with the 6 min run test. Children had to run as far as
they could within six minutes around an official volleyball field (9 x 18 m, every 9 m a
pylon/marker was set beside the running court [i.e., six pylons around the field]) at a self-paced
velocity. Split time was given every minute. The maximal distance achieved during the six
minutes in meters to the nearest nine-meters marker was used as dependent variable in the
analysis. The 6 min run test was reliable (test-retest) in children aged 7 to 11 years with an
intraclass correlation coefficient (ICC) of 0.9242. The 6 min run test correlated at r = 0.69 (p <
0.01) with VO2max assessed via a gas analysis during a progressive treadmill test in children
aged 9 to 11 years®,

Coordination

Coordination under time pressure was tested with the star run test (see Figure 5). Children had
to complete a parkour with different movement directions and movement forms (i.e., running
forward, running backward, side-steps to the left side, side-steps to the right side). The parkour
had to be performed in a given order over a 9 x 9 m star-shaped area where each of the four
spikes is marked by a pylon. After starting in the centre of the star, children had to complete

the parkour as fast as they could by running in every movement form two times within the given
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sequence. They had to touch each pylon with the hand. The whole covered distance is 50.912
m. The faster of two test trials was used in the analysis. The shortest time for completing the
parkour in seconds to the nearest 1/10 second was measured using a stopwatch and was used as
dependent variable in the analysis. The star run test was reliable (test-retest) in 8 to 10 year old
children with an ICC of 0.68%,

&: center pylon &2 spike pylon

9m 1 = forward run
| |
_ 2 = backward run
A g 3 = sidestep right
w® 8 a7 = sidestep righ
' ~ ¢ 7 ’/’ )
7. . W7 .72 4 = sidestep left
o A s,
o 5 i ke 5 = backward run
6.7 & RS g 6 = forward run
A’k_/ 5 4 ‘a\& 7 = sidestep left

8 = sidestep right

Figure 5. Schematic description of the star run test (adapted from Golle et al.).

Speed

Speed was assessed with the 20-m linear sprint test. After an acoustic signal, the children had
to sprint out of a frontal erect posture as fast as they could over a distance of 20 m for two times;
the faster test trial was used in the analysis. The shortest time for sprinting the 20 m in seconds
to the nearest 1/10 second was measured using a stopwatch and was used as dependent variable
in the analysis. The 20-m linear sprint test was reliable (test-retest) in children aged 7 to 11
years with an ICC of 0.90%.

Power of lower limbs (PowerLOW)

PowerLOW was tested using the standing long jump test. Out of a standing frontal posture the
children had to jump as far as they could. The participants had to land with both feet together.
They were allowed to swing their arms prior to and during the jump, but after landing the hands
were not allowed to touch the floor. The distance in meters to the nearest one centimeter

between toes at take-off and heels at landing was determined using a measuring tape; the better
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of two test trials was used in the analysis. The standing long jump test was reliable (test-retest)
in children aged 6 to 12 years with an ICC of 0.94%,

Power of upper limbs (PowerUP)

PowerUP was assessed through the ball push test. From a standing position the children had to
push a 1 kg medicine ball starting in front of the chest with both hands as far as they could for
two times; the better of two test trials of longest pushing distance was used in the analysis. The
maximal ball push distance in meters to the nearest ten centimeters was determined with a
measuring tape and used as dependent variable in the analysis. The ball push test was reliable
(test-retest) in children aged 8 to 10 years with an ICC of 0.81%.

Statistics

Pre- and post-processing of data were carried out in the R environment of statistical computing*®
using the tidyverse package*’. For measures of cardiorespiratory endurance (i.e., 6 min run test),
powerLOW (i.e., standing long jump test) and powerUP (i.e., ball push test), higher scores
indicated better physical fitness. For measures of coordination (i.e., star run test) and speed (i.e.,
20-m linear sprint test), a Box-Cox distributional analyses indicated that a reciprocal
transformation brought scores in line with the assumption of a normal distribution®. Therefore,
we converted scores from seconds to meters/seconds (i.e., pace scores; star run test = 50.912
[m] / time [s]; 20-m linear sprint test = 20 [m] / time [s]). These transformations also had the

advantage that a large value was indicative of a good physical fitness for all five measures.

For each test, we determined the + 3 SD boundary separately for boys and girls. Measurement
outside these boundaries were usually implausible (i.e., recording errors) or extreme outliers.
They were treated as missing values (3%). Finally, we converted scores within tests (aggregated

over boys and girls) to z-scores to facilitate comparison of test, age and sex effects.

Statistical inference was based on a linear mixed model (LMM) estimated with the
MixedModels package* in the Julia programming language®®. The LMM included child (N =
108,295), school (N = 515), and cohort (N = 9) as three random factors; the total number of
observations (i.e., max = 5 per child) was 525,126. Fitted model objects were processed with
random-effects principal component analysis to obtain loadings of the variance-covariance

matrix of the random effects and facilitate its interpretation.

As fixed effects, we specified four sequential-difference contrasts for the five tests: (H1)

coordination vs. cardiorespiratory endurance, (H2) speed vs. coordination, (H3) powerLOW vs.
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speed, and (H4) powerUP vs. powerLOW. Also included were the effect of age (centered at 8.5
years) as a second-order polynomial trend, the effect of sex (boys — girls), and all interactions
between contrasts, age, and sex. Given the large number of observations, children, and schools,
we adopted a two-sided z-value > 3.0 as significance criterion for the interpretation of fixed

effects.

Child, school, and cohort were included as random factors. With three random factors there was
a need for selecting a random-effect structure that included theoretically relevant and reliable
variance components (VCs) and correlation parameters (CPs), but was also still supported by
the data (i.e., was not overparameterized). Tests varied within children, schools, and cohorts;
age and sex varied between children, but within schools and within cohorts. Therefore, in
principle, VCs and CPs of linear effects of age and sex could be estimated for schools and

cohorts, but not for children.

Parsimonious model selection occurred in two major steps without knowledge or consideration
of fixed-effect estimates®; details are provided in Supplement A. We started with a model
including Grand Mean (varying intercepts) for all three random factors and, given the large
numbers of 108,926 children and 515 schools and the small number of nine cohorts, included
also test-related VCs and CPs for child and school and age-related and sex-related VCs and CPs
for school, but not for cohort. This LMM m1 was well supported by the data. In the second
major step, we increased the complexity of the random-effect structure for cohort by adding
test-related VCs (LMM m2), then test-related CPs (LMM m3), and finally age- and sex-related
VCs and CPs (LMM m4).

LMM m4 was not supported by the data (i.e., the fit was singular) and did not significantly
improve the goodness of fit over LMM m3; delta ¥2 (13) =14.11, p = 0.37. LMM m3 improved
the goodness of fit over LMM m2 according to the likelihood ratio test, x> (10) = 48.45, p <
0.001, but not when the increase in model complexity is penalized according to BIC (i.e., LMM
m2 = 1.27609e6 and LMM m3 = 1.27617e6). As we had no directed hypotheses relating to test-
related CPs for the factor cohort, we stayed with LMM m2 which represented a very large
improvement in goodness of fit relative to LMM m1; ¥ (4) = 1489.57, p < 0.001. We also
estimated LMM m2 with two alternative parameterizations that did not change the goodness of
fit, but yielded information about CPs between test scores instead of test effects (i.e., contrasts).
Finally, we fitted two control LMMs to test the significance of quadratic age trends for fixed
effects and the absence of evidence for sex x age interactions separately for each fitness

component (i.e., nested within the five levels of the factor test).
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Data availability

The datasets generated and analyzed during the current study as well as Julia and R scripts are

available in the Open Science Framework (OSF) repository: https://osf.io/2d8rj/
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Abstract

Timing of initial school enroliment may vary considerably for various reasons such as
early or delayed enrollment, skipped or repeated school classes. Accordingly, the age
range within school grades includes older- (OTK) and younger-than-keyage (YTK)
children. Hardly any information is available on the impact of timing of school enroliment
on physical fitness. There is evidence from a related research topic showing large
differences in academic performance between OTK and YTK children versus keyage
children. Thus, the aim of this study was to compare physical fitness of OTK (N = 26,540)
and YTK (N = 2,586) children versus keyage children (N = 108,295) in a representative
sample of German third graders. Physical fitness tests comprised cardiorespiratory
endurance, coordination, speed, lower, and upper limbs muscle power. Predictions of
physical fitness performance for YTK and OTK children were estimated using data from
keyage children by taking age, sex, school, and assessment year into account. Data were
annually recorded between 2011 and 2019. The difference between observed and
predicted z-scores yielded a delta z-score that was used as a dependent variable in the
linear mixed models. Findings indicate that OTK children showed poorer performance
compared to keyage children, especially in coordination, and that YTK children
outperformed keyage children, especially in coordination. Teachers should be aware that

OTK children show poorer physical fitness performance compared to keyage children.

Introduction

The importance of physical fitness for children’s health is undisputed?. According to Caspersen
et al.?, physical fitness can be categorized as health- (e.g., cardiorespiratory endurance,
muscular endurance, muscular strength, body composition, and flexibility) or skill-related
fitness (e.g., agility, balance, coordination, speed, [muscle] power, and reaction time). There is
evidence from original researchd, systematic reviews, and meta-analyses*® that
cardiorespiratory endurance and muscular strength are positively associated with markers of
physical health (e.g., body mass index, waist circumference, skinfold thickness, cardiovascular
disease risk score) in youth. Accordingly, it is important to regularly monitor and evaluate
children’s physical fitness to identify potential deficits in physical fitness as early as possible.
Recent studies on global secular trends in youth physical fitness indicated physical fitness
declines particularly for measures of cardiorespiratory endurance. This trend additionally

emphasizes the relevance of physical fitness testing®’.
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Physical fitness tests represent an easy-to-administer, reliable, and valid means to assess and
evaluate children’s physical fitness in large scale studies conducted in sport clubs or schools®.
Several studies from around the globe®” showed developmental increases in physical fitness
from childhood to adolescence®19-121517 |rrespective of age, boys outperform girls in most

components of physical fitness® 7, except for balance'®!” and flexibility®1>17,

The available studies on physical fitness development have been conducted in youth aged 518
years. In these studies, children and adolescents were matched into one-year age groups. This
age grouping system is also evident in many settings of children’s everyday life. For instance,
children are matched in one-year age teams within sport clubs or in grades within schools.
However, this age grouping system is not without limitations because of differences in relative
age depending on the specific cut-off date under consideration. For schools in general, the cut-
off date of initial school enrollment is specific to the country under investigation. For instance,
in the Federal State of Brandenburg, Germany the official and initial school enrollment date is
September 30™. Accordingly, children are enrolled to school (i.e., first grade) if they are aged
between 6 years and 0 months and 6 years and 11 months on September 30" of the respective
year (i.e., keyage children in first grade). Thus, children who are born on September 30" or
slightly later are at the extreme end, i.e., almost one year older than their classmates who are
born in August. These differences in the birthdate may have an impact on anthropometrics (e.qg.,
body height, body mass) and physical fitness (e.g., muscular strength, power, cardiorespiratory
endurance, or speed)*® because physical fitness performance increases with age from childhood
to adolescence® 10121517 Thys, within a one-year age-group, the relatively older children (i.e.,
born near the cut-off date) may outperform their relative younger classmates (i.e., born later to
the cut-off date) because of their relatively older age'®. In fact, a previous study conducted
with keyage third graders (i.e., children aged 8 years and 0 months to 8 years and 11 months)
has shown that physical fitness increased linearly with chronological age®°. Furthermore, even
within the single ninth year of life, the relatively older children (i.e., aged 8 years and 6 months
to 8 years and 11 months) significantly outperformed the younger children (i.e., aged 8 years

and 0 months to 8 years and 5 months) in physical fitness.

Within one school-grade, there are keyage children as well as younger- (YTK) or older-than-
keyage (OTK) children. This is due to early or late school enrollment, skipping or repetition of
a school year. With reference to our data, age ranged from 5 years and 11 months to 14 years
and 5 months for our study sample that included YTK and OTK children. Given that there are
already large differences in physical fitness within the group of keyage children?, the question

arises as to physical fitness performance of YTK and OTK children. To the authors’ knowledge
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there is hardly any information available in the literature on differences in physical fitness of
YTK and OTK children versus keyage children. A major goal of physical education is to create
a learning setting for each child according to his / her individual needs to ensure a holistic
development. Thus, findings on physical fitness performance of YTK and OTK children
provide valuable information to promote physical fitness according to the child’s individual
needs. For instance, children who show delayed physical fitness development should receive
additional health and fitness programs to compensate their deficits in physical fitness.
Furthermore, given that grading systems are only available for keyage children, findings of this
study can be used to individually grade physical fitness according to age, sex, and timing of

school enrollment.

Information from a related research topic shows large differences in academic performance
between OTK and YTK children versus keyage children?'-23, For instance, in a study including
1,144 German primary school children, Urschitz et al.?® reported that especially OTK children
aged > 9 years compared with keyage children showed poor academic performance in terms of
grades in mathematics, science, reading, spelling, and handwriting. In a study including 3,684
Australian high school students aged 14 years, Martin?? reported that YTK children scored
significantly better in academic performance (i.e., performance in literacy and numeracy) than
keyage children. However, as already mentioned this has not yet been examined for physical
fitness. Therefore, the aim of this cross-sectional study was to compare physical fitness of OTK
and YTK children versus keyage children in a sample of German primary school children taking
age, sex, school, and assessment year into account. With reference to the relevant school-based
studies on differences in academic performance of OTK and YTK children versus keyage
children?2%, we hypothesized that OTK children show poorer and YTK children better

physical fitness performance compared with keyage children.

Methods
Experimental approach

This cross-sectional study is part of the ongoing EMOTIKON research project (www.uni-
potsdam.de/en/emotikon). Physical fitness tests were conducted every year between September
and November starting in 2011. Physical fitness tests were also administered in 2009 and 2010,
but later in the school year that is between March and April. Due to the seasonal variation in

physical fitness these data were not included.
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Population

Since 2009, all third graders living in the Federal State of Brandenburg, Germany were tested
annually for their physical fitness. This cross-sectional study was mandated and approved by
the Ministry of Education, Youth and Sport of the Federal State of Brandenburg, Germany. The
Brandenburg School Law requires that parents are comprehensively informed prior to the start
of the study. Consent is not needed given that the tests are obligatory for both, children and
schools?*. None of the authors included in the author list had access to personally identifiable
information on the children. The authors received the data absolutely anonymized from the
Ministry of Education, Youth and Sport of the Federal State of Brandenburg, Germany.

Research was conducted according to the latest Declaration of Helsinki?®.

To compare physical fitness development of YTK and OTK children with that of keyage

children, we used physical fitness data recorded between 2011 and 2019.

- 2,586 YTK children aged 7 years and 0 months to 7 years and 11 months

- 108,296 keyage children aged 8 years and 0 months to 8 years and 11 months
- 26,540 OTK children aged 9 years and 0 months to 9 years and 11 months

Selection into keyage, OTK, and YTK groups was strictly based on children’s birthdate relative
to the legal date for school enrollment (i.e., September 30" in the Federal State of Brandenburg
for all assessment years). Thus, on September 30™, keyage third graders ranged between 8 years
and 0 months to 8 years and 11 months. YTK children were younger, and OTK children were

older.

The selection of keyage children has been described in a previous publication of our research
group®. Data from an earlier study were used as a reference for OTK and YTK children.
Initially, 30,253 OTK children were included in the data base: 2,842 were excluded due to age.
The excluded third-graders ranged from 10 years and 1 month to 14 years and 5 months.
Another 27 students were excluded due to adverse health events as reported by the responsible
teacher (e.g., physical disability, autism spectrum). Finally, 844 students were considered
outliers and outside +/- 3 SD of their group x sex x test cell. Finally, 26,540 OTK children were
included in the analyses (88.7%). For YTK children, initially 2,654 YTK were eligible to be
included in the data base. From this initial sample, 28 were excluded due to age because they
ranged from 5 years and 11 months to 6 years and 11 months. Moreover, 40 children were
considered outliers and beyond +/- 3 SD in their group x sex X test cell. Finally, 2,586 YTK

children were included in the analyses (97.4%).
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Physical fitness tests

Physical fitness was assessed using the specific EMOTIKON test battery?°. These tests
evaluated cardiorespiratory endurance (i.e., 6-minute-run test), coordination (i.e., star-run test),
speed (i.e., 20-m linear sprint test), lower (powerLOW [i.e., standing long jump test]), and upper
limbs muscle power (i.e., powerUP [ball-push test]). The EMOTIKON test battery officially
includes six tests. In 2016, the assessment of flexibility (i.e., stand-and-reach test) was stopped
and the assessment of balance (i.e., single-leg balance test with eyes closed) was included?®.
Due to the much smaller number of scores and their confound with assessment year, these two

tests were not included in the analyses.

Physical fitness tests were administered by qualified physical education teachers and conducted
during the regular physical education classes. All physical education teachers received
standardized test instructions for the assessment (www.uni-
potsdam.de/en/emotikon/projekt/methodik - for further information on the test protocols).
Furthermore, all physical education teachers participated in advanced training programs about
standardized physical fitness assessment. Tests were always conducted in the morning between
8 and 12 am. Prior to testing, all third-graders performed a standardized warm-up program

consisting of different running exercises (e.g., side-steps) and small games (e.g., playing tag).
Cardiorespiratory endurance

Cardiorespiratory endurance was assessed using the 6-minute-run test. Participating children
had to run the furthest distance during the six minutes test time around a volleyball field (54 m)
at a self-paced velocity. The test instructor provided split times every minute. After the six
minutes, maximal distance covered in meters to the nearest nine meters was recorded and used
as dependent variable. High test-retest reliability was reported for the 6-minute-run test with an

intraclass correlation coefficient (ICC) of 0.92 in children aged 7 to 11 years?’.
Coordination

Coordination under time pressure was evaluated using the star-run test. During the star-run test,
the participating children had to complete a parkour with different running techniques (i.e.,
running forwards, running backwards, side-steps) as quickly as possible. The star shaped
parkour (9 m x 9 m) consisted of four spikes. Each spike and the center of the star were marked
with a pylon. The participants started in the middle of the star. First, they had to run forward to
the first pylon and backward to the middle. Next, they had to do side-steps to the second pylon
on the right side and side-steps back to the middle. Then, they had to run backward to the third
pylon and forward to the middle. Finally, they had to do side-steps to the fourth pylon on the
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left side and side-steps back to the middle. The participants had to touch each pylon within the
parkour with the hand. The whole covered distance was 50.912 m. Time for test completion in
seconds to the nearest 1/10 second was taken using a stopwatch and used as dependent variable
in the analysis. The participants had two test trials of which the best test trial in terms of time
until test completion was kept for analysis. The star run test was reliable (test-retest) for children
aged 8 to 10 years with an ICC of 0.68%.

Speed

Speed was assessed using the 20-m linear sprint test. The participating children started from a
standing position with one foot right behind the starting line. After an acoustic signal, they had
to sprint as fast as possible over a distance of 20 m. Time for test completion in seconds to the
nearest 1/10 second was taken using a stopwatch and used as dependent variable in the analysis.
The participants had two test trials of which the best trial was taken for further analysis in terms
of the time until test completion. Test-retest reliability has been reported to be high for children
aged 7 to 11 years with an ICC of 0.90%.

Lower limbs muscle power (PowerLOW)

PowerLOW was assessed through the standing long jump test. The participating children had
to jump as far as possible from a frontal position. Arm swing prior to and during the jump was
allowed. Jump distance in centimeters between the starting line and heel of the posterior foot
was recorded to the nearest one centimeter using a measuring tape. The participants had two
test trials of which the best trial in terms of the longest jump distance was taken for further
analysis. The standing long jump test showed high test-retest reliability for children aged 6 to
12 years with an ICC of 0.94%°

Upper limbs muscle power (PowerUP)

Power up was evaluated with the ball-push test. From a standing position, the participating
children had to push a 1 kg medicine ball that was held tight right in front of the chest. The
participants had to push the ball at maximal effort with both hands. The pushing distance in
meters was recorded to the nearest ten centimeters using a measuring tape. The participants had
two test trials of which the best test trial in terms of the longest pushing distance was taken for
further analysis. The ball-push test was reliable (test-retest) for children aged 8 to 10 years with
an ICC of 0.81%.
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Statistics

Pre- and post-processing of data were carried out in the R environment of statistical computing®°
using the tidyverse package®. For statistical inference we relied on Linear Mixed Model
analyses (LMM) with the MixedModels package®? in the Julia programming language (v
1.7.1)%,

For measures of cardiorespiratory endurance (i.e., 6 min run test), powerLOW (i.e., standing
long jump test) and powerUP (i.e., ball push test), higher scores indicate better physical fitness.
For measures of coordination (i.e., star run test) and speed (i.e., 20-m linear sprint test), a Box-
Cox distributional analyses indicated that a reciprocal transformation brought scores in line
with the assumption of a normal distribution34. Therefore, we converted scores from seconds to
meters/seconds (i.e., pace scores; star run test = 50.912 [m] / time [s]; 20-m linear sprint test =
20 [m] / time [s]). These transformations had the advantage that a large value was indicative of
good physical fitness for all five tests. Finally, z-scores were computed in two stages. In the
first stage, we calculated z-scores within the test (i.e., 6-minute-run test, star-run test, 20-m
linear sprint test, standing long jump test, ball-push test) x sex (male, female) x group (YTK,
OTK) cells and removed observations exceeding +/- 3 SDs (i.e., outliers). This is in accordance
with a previous publication from the same research group?. In the second stage, we used means
and SDs of the five fitness tests for keyage children from a previous study?® and computed the

respective z-scores that were included in figures 1 and 2.

To compare YTK and OTK children’s development of physical fitness with that of keyage
children, we predicted the physical fitness performance for ages 7 years and 0 months to 7 years
and 11 months and 9 years and 0 months to 9 years and 11 months using LMM parameter
estimates of the 108,295 keyage children (i.e., grey lines in figure 1), reported in Fiihner et al®.
Through this predication analyses we received the information about physical fitness
performance of keyage children at the ages 7 years and 0 months to 7 years and 11 months and
9 years and 0 months and 9 years and 11 months. The model parameters comprised fixed effects
for age, tests, sex, and their interactions, variance components (\VVCs) and correlation parameters
(CPs) for GM and four test contrasts for the random factor child, VCs and CPs for GM, four
test contrasts, sex, and age for the random factor school, and VCs for test and, age for the
random factor assessment year. Details about model specification for these predictions are

provided in Fihner et al.?° and in script: fggk22_Imm_pred.jl in the repository.

Through physical fitness testing in EMOTIKON, we obtained the actual physical fitness status
of YTK children aged 7 years and 0 months to 7 years and 11 months and OTK children aged
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9 years and 0 months to 9 years and 11 months. Please note that the classification of children
into YTK, keyage, or OTK groups is based solely on children’s birthdate whereas children’s
age is the difference between the date of test and their birthdate. Therefore, some YTK children
were slightly older than 8 years and some OTK children were slightly younger than 9 years at
the time of testing. Results did not change if non-keyage children aged between 8 to 9 years

were excluded.

The difference between observed (i.e., obtained through physical fitness testing) and predicted
z-scores (i.e., predicted data from keyage children [grey lines in figure 1]) yielded a delta z-
score that was used as dependent variable in the following LMMs to compare physical fitness
development of YTK and OTK children (i.e., obtained scores through physical fitness testing)
with that of keyage children (i.e., predicted data).

We analyzed the data with separate LMMs for OTK and YTK children. The fixed effects
included in the starting LMM were similar to the one reported by Fihner et al.?. Specifically,
there were four sequential-difference fixed-effect contrasts for the five tests: (H1) coordination
vs. cardiorespiratory endurance, (H2) speed vs. coordination, (H3) powerLOW vs. speed, and
(H4) powerUP vs. powerLOW. We additionally included the effect of age (centered at 8 years
and 6 months) as a second-order polynomial trend, the effect of sex (boys — girls), and all
interactions between contrasts, age, and sex. We used a two-sided z-value > 2.0 as significance

criterion for the interpretation of fixed effects.

The random effect structure included VCs and CPs of the delta z-scores for the five tests related
to grouping (random) factors of child, school, and assessment year. Tests varied within children,
schools, and assessment years; age and sex varied between children, but within schools and
within assessment years. Therefore, in principle, VCs and CPs also include effects of age and

sex for the factors school and assessment year.
LMM for older-than-keyage (OTK) children

The initial LMM included child (N = 26,540), school (N = 513), and assessment year (N = 9)
as three random factors; the total number of observations (i.e., max = 5 per child) was 128,198.
With three random factors, there was a need for selecting a random-effect structure that
included theoretically relevant and reliable VCs and CPs but was also still supported by the data

(i.e., was not overparameterized).

Parsimonious model selection occurred in two major steps without knowledge or consideration
of fixed-effect estimates®®; details are provided in script: fggk22_Imm_otk.jl in the repository.

The random-effect structure of the parsimonious LMM of delta z-scores was expected to be
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simpler than the one for the LMM of Fihner et al.?° because the much smaller number of
children and, importantly, because most of the school- and assessment-year-related random
effects as well as fixed effect of age and sex were included in the predicted z-scores. We started
with a model estimating VCs and CPs between delta z-scores of the five tests for children and
VCs of delta z-scores for the five tests, age, and sex for school, and only varying intercept (GM)
for assessment year. This LMM was well supported by the data. Increasing the complexity of
the random-effect structure by adding CPs for school or adding VCs for assessment year did
not improve the goodness of fit. Moreover, the school-related VVC for sex and high-order fixed-
effect interactions between test, age, and sex could be removed without loss of goodness of fit.
As in Flhner et al.?%, we also estimated the final model with an alternative post-hoc LMM
parameterization to test main fixed effects of sex and age separately for each fitness test (i.e.,

we specified sex and age as nested within the five levels of the factor test).
LMM for younger-than-keyage (YTK) children

The LMM included child (N = 2,586), school (N = 437), and assessment year (N = 9) as three
random factors; the total number of observations (i.e., max = 5 per child) was 12,590. In the

model selection process, we followed the model of OTK described above.

Parsimonious model selection occurred without knowledge or consideration of fixed-effect
estimates®®; details are provided in script: fggk22_Imm_ytk.jl in the repository. First, we
applied the LMM of OTK to the data of YTK. This model was not supported by the data (i.e.,
overparameterized) because of the relatively small sample size of YTK (N = 2,586) compared
to OTK (N = 26,540). Indeed, the data supported only a LMM with a strongly reduced
complexity, comprising (a) fixed effects on delta z-scores for the four contrasts of test, (b) VCs
for the five delta z-scores for school and child, and (c) CPs for the five delta z-scores of child.
Thus, there was no statistical support for fixed or random effects of age and sex for YTK

children relating to delta z-scores.

Results

Table 1 summarizes descriptive statistics for the three subsamples of third-graders. Statistics
about keyage children refer to the sample reported in Fiihner et al.?°. Statistics about YTK and
OTK children refer to the samples of this study.
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Table 1 Descriptive statistics for younger-than-keyage, keyage, and older-than-keyage children

Sample Physical Sex N N Mean SD Mean SD Mean SD
Fitness Schoo  Child Age Age score score delta  delta
Component Is [years] [years]

Keyage Endurance [m] Boys 513 51116 8.56 0.28 1041.38  154.03 0 0.4

Keyage Endurance [m] Girls 511 52821 8.55 0.28 967.72 132.50 0 03

Keyage Coordination [m/s]  Boys 512 51023 8.56 0.28 2.08 0.30 0 0.4

Keyage Coordination [m/s]  Girls 510 52886 8.55 0.28 2.01 0.27 0 03

Keyage  Speed [m/s] Boys 513 51700 8.56 0.28 4.58 0.42 0 0.4

Keyage Speed [m/s] Girls 512 53259 8.55 0.28 4.45 0.39 0 0.4

Keyage PowerLOW [cm] Boys 513 52141 8.56 0.28 129.41 19.53 0 04

Keyage PowerLOW [cm] Girls 509 53856 8.55 0.28 122.00 18.44 0 0.4

Keyage PowerUP [m] Boys 514 52254 8.56 0.28 3.99 0.70 0 04

keyage  PowerUP [m] Girls 512 54070 8.55 0.28 3.50 0.63 0 03

OTK Endurance [m] Boys 511 14870 9.35 0.25 1017.86 166.33  -0.18 11

OTK Endurance [m] Girls 499 10519 9.35 0.26 950.97 14053 -0.14 1.0

OTK Coordination [m/s]  Boys 509 14808 9.35 0.25 2.06 031 -0.28 1.1

OTK Coordination [m/s]  Girls 502 10542 9.35 0.26 1.99 029 -0.30 11

OTK Speed [m/s] Boys 511 15010 9.36 0.25 4.58 0.44  -0.17 11

OTK Speed [m/s] Girls 503 10644 9.35 0.26 4.44 041 -0.19 1.1

OTK PowerLOW [cm] Boys 511 15137 9.35 0.26 12783  21.08 -0.23 1.2

OTK PowerLOW [cm] Girls 502 10699 9.35 0.26 11942 1945 -0.29 11

OTK PowerUP [m] Boys 511 15236 9.36 0.25 4.13 0.75 -0.22 11

OTK PowerUP [m] Girls 503 10733 9.35 0.26 3.62 0.67 -0.23 1.0

YTK Endurance [m] Boys 350 1087 7.85 0.19 1042.92 149.54  0.036 1.0

YTK Endurance [m] Girls 384 1408 7.88 0.18 973.11 132.88 0.035 1.0

YTK Coordination [m/s]  Boys 350 1091 7.85 0.19 2.05 0.29 0.10 1.1

YTK Coordination [m/s] ~ Girls 382 1397 7.87 0.18 1.99 0.26 0.10 1.0

YTK Speed [m/s] Boys 349 1097 7.85 0.19 451 0.40 0.035 11

YTK Speed [m/s] Girls 385 1423 7.87 0.18 4.42 0.39 0.070 1.0

YTK PowerLOW [cm] Boys 350 1112 7.85 0.19 128.54 18.48 0.082 11

YTK PowerLOW [cm] Girls 384 1433 7.87 0.18 121.77  18.06 0.078 1.0

YTK PowerUP [m] Boys 348 1111 7.85 0.19 3.79 0.70 0.12 1.0

YTK PowerUP [m] Girls 384 1431 7.88 0.18 3.33 0.61 014 09

N = sample size, SD = standard deviation, delta = difference between observed (i.e., obtained through physical fitness testing)
and predicted z-scores (i.e., predicted data from keyage children [grey lines in figure 1]), Endurance = cardiorespiratory
endurance (i.e., 6-minute-run test), Coordination = star-run test, Speed = 20-m linear sprint test, PowerLOW = lower limbs
muscle power (i.e., standing long jump test), PowerUP = upper limbs muscle power (i.e., ball-push test), OTK = older-than-
keyage children (i.e., aggregated over 9 years and 0 months to 9 years and 11 months), YTK = younger-than-keyage children
(i.e., aggregated over 7 years and 0 months to 7 years and 11 months). Coordination and speed times were converted from
seconds to meters/seconds (i.e., pace scores; star-run test = 50.912 [m] / time [s]; 20-m linear sprint test = 20 [m] / time [s]).
These transformations have the advantage that a large value is indicative of better physical fitness.

Figure 1 displays the observed (points) and predicted (lines) physical fitness development for
YTK boys and girls aged 7 years and 0 months to 7 years and 11 months and OTK boys and
girls aged 9 years and 0 months to 9 years and 11 months. The predicted z-scores for keyage
children aged 8 years and 0 months to 8 years and 11 months are located on the predicted lines.

There is a slight overlap between groups at 8- and 9-year boundaries due to birthdate
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determining the classification of children into keyage groups and age being measured as the

difference between age at test and birthdate.
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Figure 1.Observed z-scores for physical fitness development for boys (closed circles) and girls (open circles) aged 7.00 to 10.0
years. The lines represent the predicted z-scores for physical fithess development for boys (grey line) and girls
(dashed grey line). Data were z-transformed. Endurance = cardiorespiratory endurance (i.e., 6-minute-run test),
Coordination = star-run test, Speed = 20-m linear sprint test, PowerLOW = lower limbs muscle power (i.e., standing
long jump test), PowerUP = upper limbs muscle power (i.e., ball-push test). Note that delta z-scores for younger-
than-keyage boys and girls were aggregated over 7.00 to 7.99 years and that delta z-scores for older-than-keyage
boys and girls were aggregated over 9.50 to 9.99 years. Points are binned observed child means. Coordination and
speed times were converted from seconds to meters/seconds (i.e., pace scores; star-run test = 50.912 [m] / time [s];
20-m linear sprint test = 20 [m] / time [s]). These transformations have the advantage that a large value is indicative
of better physical fitness and that they remove skew in the distributions.

Figure 2 displays the delta z-scores between observed and predicted physical fitness

development for YTK boys and girls aged 7 years and 0 months to 7 years and 11 months and

OTK boys and girls aged 9 years and 0 months to 9 years and 11 months. The delta z-scores for

keyage children aged 8 years and 0 months to 8 years and 11 months are represented in the

horizontal zero line. The z-scores for OTK and YTK children will be described in the next

sections.
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Figure 2. Delta z-score between observed and predicted physical fitness development for boys (closed circles) and girls (open
circles) aged 7.00 to 10.0 years. Data were z-transformed. Endurance = cardiorespiratory endurance (i.e., 6-minute-
run test), Coordination = star-run test, Speed = 20-m linear sprint test, PowerLOW = lower limbs muscle power (i.e.,
standing long jump test), PowerUP = upper limbs muscle power (i.e., ball-push test). Note that delta z-scores for
younger-than-keyage boys and girls were aggregated over 7.00 to 7.99 years and that delta z-scores for older-than-
keyage boys and girls were aggregated over 9.50 to 9.99 years. Points are binned delta child means. Coordination
and speed times were converted from seconds to meters/seconds (i.e., pace scores; star-run test = 50.912 [m] / time
[s]; 20-m linear sprint test = 20 [m] / time [s]). These transformations have the advantage that a large value is

indicative of better physical fitness and that they remove skew in the distributions.

Physical fitness of older-than-keyage children (OTK)

Table 2 displays statistics for fixed effects of age (linear and quadratic) and sex as well as their

interactions with the four test contrasts for LMM of OTK children.
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Table 2 Fixed-effect estimates of linear mixed model for older-than-keyage (OTK) children
Fixed-effect ~ Standard

Source of variance - z-values
estimates error
Main effects
Grand mean (intercept) 0.348 0.068 5.08*
H1: coordination vs. endurance 0.230 0.091 2.51*
H2: speed vs. coordination -0.025 0.083 -0.30
H3: powerLOW vs. speed 0.029 0.075 0.39
H4: powerUP vs. powerLOW -0.022 0.094 -0.23
Age (linear) -1.014 0.152 -6.68*
Age (quadratic) 0.357 0.079 4.50*
Sex 0.015 0.011 1.43
Age (linear) x Fitness component
H1: coordination vs. endurance -0.693 0.205 -3.38*
H2: speed vs. coordination26 0.180 0.187 0.96
H3: powerLOW vs. speed -0.181 0.168 -1.08
H4: powerUP vs. powerLOW 0.089 0.211 0.42
Age (quadratic) x Fitness component
H1: coordination vs. endurance 0.294 0.108 2.73*
H2: speed vs. coordination -0.034 0.098 -0.34
H3: powerLOW vs. speed 0.059 0.088 0.67
H4: powerUP vs. powerLOW -0.014 0.111 -0.13
Sex x Fitness component
H1: coordination vs. endurance 0.052 0.015 3.41*
H2: speed vs. coordination -0.001 0.014 -0.10
H3: powerLOW vs. speed 0.042 0.012 3.38*
H4: powerUP vs. powerLOW -0.044 0.016 -2.80*

H1 to H4 = hypothesis 1 to 4, endurance = cardiorespiratory endurance (i.e., 6 min run test), coordination = star run test, speed
= 20-m linear sprint test, powerLOW = lower limbs muscle power (i.e., standing long jump test), powerUP = upper limbs
muscle power (i.e., ball push test), * = z-value > 2.0, linear mixed model random factors: assessment years (9), schools (513),
children (26,540), observations = 128,198 (missing = 3.4%). For estimates of variance components and correlation parameters
see Table 3.

The overall negative linear trend for age (z = -6.68) and positive quadratic trend of age (z =
4.50) were significant. The positive quadratic trend of age indicates that the difference between
predicted and observed physical fitness becomes more negative initially, but plateaus with even

a slight reduction of delta z-scores for the oldest children (see Figure 2).

Furthermore, the main effect of contrast H1 was significant (z = 2.51) indicating that the main
effect was larger for coordination than for cardiorespiratory endurance. The LMM tested the
interactions of linear and quadratic age with the four test contrasts, that is whether slopes in
neighboring panels in Figure 2 (averaged across sex) were parallel. The slope can be equated
with the developmental rate. Indeed, one of four interaction was significant (see second and
third block of Table 2) the linear age developmental rate was larger for cardiorespiratory
endurance than coordination (H1; z = -3.38) and the quadratic age developmental rate was

larger for coordination than cardiorespiratory endurance (H1; z = 2.73).

Three of the test contrasts interacted with sex. First, the delta z-score was more negative for
boys than girls for cardiorespiratory endurance and more negative for girls than boys for

coordination (z = 3.41, see Table 1). The post-hoc LMM revealed significantly less severe delta
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z-scores for girls (-0.14) than boys (-0.18) for cardiorespiratory endurance (z= - 2.30). There
was no significant sex difference for the delta z-score for coordination (z = 1.38). Second, the
negative difference between boys and girls in the delta z-score was larger for powerLOW than
speed (z = 3.38). The post-hoc LMM revealed a significant sex difference (favoring boys) only
for powerLOW (z = 3.90; boys: -0.23, girls: -0.29; see Table 1). There was no significant sex
difference for speed (z = 1.19). Third, the same powerLOW sex difference was the source of
the significant interaction for the fourth contrast (z = -2,80). There was no significant sex

difference for powerUP (z = 1.12).

Table 3 Variance components for older-than-keyage (OTK) children
Fitness component GM Endurance Coordination Speed PowerLOW PowerUP Age

Assessment year 0.03
School 0.08 0.07 0.07 0.06 0.07 0.09
Child (OTK) 0.92 0.94 0.94 0.98 0.88

Endurance = cardiorespiratory endurance (i.e., 6 min run test), Coordination = star run test, Speed = 20-m linear sprint test,
PowerLOW = lower limbs muscle power (i.e., standing long jump test), PowerUP = upper limbs muscle power (i.e., ball push
test), OTK = older-than-keyage children. VC for Residual = 0.65.

Table 3 lists estimates of VCs for children and for school. The delta z-scores VVCs were large
for children (0.88 to 0.94) and small for schools (0.06 to 0.09).

Physical fitness of younger than keyage (YTK) children

Table 4 displays estimates and test statistics for fixed effects of the four test contrasts. Figure 2
displays the delta z-scores between observed and predicted physical fitness development for

YTK boys and girls aggregated over 7 years and 0 months to 7 years and 11 months.

Table 4 Fixed-effect estimates of the linear mixed model for younger-than-keyage (YTK) children
Fixed-effect  Standard

Source of variance . z-values
estimates error

Main effects

Grand mean (intercept) 0.082 0.016 5.09*
H1: coordination vs. endurance 0.074 0.024 3.05*
H2: speed vs. coordination -0.055 0.022 -2.49*
H3: powerLOW vs. speed 0.026 0.021 1.27
H4: powerUP vs. powerLOW 0.060 0.024 2.47*

H1 to H4 = hypothesis 1 to 4, endurance = cardiorespiratory endurance (i.e., 6 min run test), coordination = star run test, speed
= 20-m linear sprint test, powerLOW = lower limbs muscle power (i.e., standing long jump test), powerUP = upper limbs
muscle power (i.e., ball push test), * = z-value > 2.0, linear mixed model random factors: schools (437), children (2,586),
observations = 12,590 (missing = 2.6%). For estimates of variance components and correlation parameters see Table 5.

The grand mean was significant (z = 5.09). Furthermore, three of the four main effects of
contrasts were significant: the main effect was larger for coordination than cardiorespiratory
endurance (H1; z = 3.05), larger for coordination than speed (H2; z = -2.49) and larger for

powerUP than powerLOW (H4; z = 2.47), which can also be seen in Figure 2.
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Table 5 Variance components for younger-than-keyage (YTK) children

Fitness component Endurance Coordination Speed PowerLOW PowerUP
School 0.12 0.10 0.09 0.10 0.10
Child (YTK) 0.83 0.88 0.89 0.89 0.79

Endurance = cardiorespiratory endurance (i.e., 6 min run test), Coordination = star run test, Speed = 20-m linear sprint test,
PowerLOW = lower limbs muscle power (i.e., standing long jump test), PowerUP = upper limbs muscle power (i.e., ball push
test), YTK = younger-than-keyage (YTK) children. VC for Residual = 0.62.

Table 5 lists estimates of VCs between delta z-scores for children and for school. The delta z-
scores VCs were large for children (0.83 to 0.89) and small for schools (0.09 to 0.12).

Discussion

The aim of this cross-sectional study was to examine physical fitness of YTK and OTK children
versus keyage children in a representative sample of German primary school children. Our
findings indicate that (i) OTK children showed poorer performance compared to keyage
children, especially for coordination, (ii) OTK girls outperformed OTK boys, and (iii) YTK
children showed better results than keyage children, especially for coordination.

Several studies confirmed a linear increase in physical fitness performance with chronological
age® 1115, For instance, in a study with 424,328 Greek children and adolescents aged 6 to 18
years, Tambalis et al.'® reported a linear increase in physical fitness performance with age for
cardiorespiratory endurance (i.e., 20-m shuttle run test), lower limbs muscle power (i.e.,
standing long jump test), flexibility (i.e., sit-and-reach test), muscular strength (i.e., sit-ups test),
and agility (i.e.,, 10 x 5 m shuttle run test). The development of physical fitness of keyage
children (see predicted gray lines in Figure 1) is in accordance with the above reported results.
For keyage children, physical fitness performance increased linearly with age. However, the
development of physical fitness for OTK children is different. Poor performance was found in
OTK children aged 9 years and 0 months to 9 years and 11 months compared with age-matched
keyage children for all components of physical fitness, especially for coordination. This could
be due to the fact that third graders aged 9 years and 0 months to 9 years and 11 months (i.e.,
OTK children) are not representative for the “average” age-matched keyage child which is why
we observed a deviation from the typically reported fitness development with age in this
cohort®*115, We do not know the exact circumstances which lead to the delayed enrollment
into first grade or to the repetition of a school year. According to our results, we can only
speculate that maybe a delay in cognitive development might be the reason why children are
late enrolled into first grade or must repeat a school class. These results are in line with a study

of Urschitz et al.?® who examined differences in academic performance. These authors observed
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that poor academic performance significantly increased with age for mathematics, science,
reading, spelling, and handwriting in a sample of 1,144 German third graders. Of note, children
who repeated a school class were more prone to poor academic performance. These results were
confirmed by other studies for academic performance?-22, Interestingly, in our study OTK girls
showed better performance compared to OTK boys which is in accordance with Urschitz et
al.?%. These authors reported that except for mathematics, boys showed a larger prevalence for
poor academic performance compared with girls?3. As girls mature approximately two years
earlier than boys, the better performance of girls compared to boys might be influenced by
biological maturation. Girls enter the adolescent growth spurt at approximately ten years of age
and peak height velocity at 12 years, whereas boys enter the growth spurt on average at age 12
and peak height velocity at 14%.

In contrast, YTK children outperformed keyage children especially in tests requiring motor
coordination. Again, we do not know the exact circumstances which resulted in early
enrollment into first grade or reasons for skipping a school year. According to our results, we
speculate that accelerated cognitive development could be a reason why early enrolled children
skip a school year. This is supported by the fact that in this study, YTK children showed the
best performance in the coordination test which has an inherent large cognitive demand.
Moreover, findings from Martin?? point in a similar direction by showing that in a cohort of
3,684 Australian high school students, YTK children outperformed keyage children in

academic performance.

Our study is not without limitations. First, anthropometric factors such as body mass, body
height, and sitting height were not assessed in this study so that associations between
anthropometric factors, biological maturation, and physical fitness could not be calculated.
These factors would have provided additional insight as there is strong evidence that children’s
physical fitness is associated with anthropometric characteristics®’=° and biological
maturation®. One explanation of the deviation of YKT and OKT children might be a difference
between chronological and biological age. It appears plausible to argue that YKT children may
be more mature and that OKT children are biologically somewhat younger than indicated by
their chronological age. Thus, in a hypothetical plot of performance over biological age, the
linear trend may well hold for all children. Second, we predicted the performance of the YTK
and OTK children based on a linear extrapolation recently reported by Fiihner et al.?°. However,
we do not know if this linear extrapolation exactly fits to the data of keyage children aged 7

years and O months to 7 years and 11 months / 9 years and 0 months to 9 years and 11 months
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as we do not have such longitudinal data. Third, we cannot parse out the exact number of OTK

children that were late enrolled or repeated a school class.

To sum up, this study is the first study that examined differences in physical fitness
development of YTK and OTK children compared to keyage children. Our study findings
complement results reported in the literature on the development of academic performance in
youth?-23, Politicians and decision makers, schools, (physical education) teachers, and parents
should be aware that OTK versus keyage children showed poorer physical fitness performance.
This is a novel and somehow unexpected result. Therefore, OTK children should be specifically
promoted through additional health and fitness programs to compensate their deficits in
physical fitness to enable a holistic development. Furthermore, the assessment of physical
fitness should be performed regularly to tailor the contents of physical education classes based
on the results of physical fitness assessments (e.g., data driven physical education classes).
More specifically, the physical fitness status of OTK children should be monitored regularly
over time to evaluate whether e.g., additional health and fitness programs already helped to

compensate the observed deficits in physical fitness.

Given that reference values for the grading of physical fitness is only available for keyage
children, raw data from this study can be used to calculate age-, sex-, and timing of school
enrollment-specific percentile values. The respective data should be useful for (physical
education) teachers or researchers to individually evaluate and grade children’s physical fitness

development.

The EMOTIKON test battery is easy-to-administer, cost effective, and it requires only minimal
equipment that is usually available in gyms (e.g., stopwatch, measuring tape, medicine ball,
pylons). Therefore, physical education teachers, coaches, or researchers can use the
EMOTIKON test battery to evaluate children’s physical fitness and use the results to promote
health- and skill-related physical fitness during physical education.
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Data availability

The datasets generated and analyzed during the current study as well as Julia and R scripts are
available in the Open Science Framework (OSF) repository:
https://osf.io/dmu68/?view_only=240bdab8f1be4d8384acf9356ee50f8b
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