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Abstract 

 
Background: Physical fitness is a key aspect of children’s ability to perform activities of daily 
living, engage in leisure activities, and is associated with important health characteristics. As 
such, it shows multi-directional associations with weight status as well as executive functions, 
and varies according to a variety of moderating factors, such as the child’s gender, age, 
geographical location, and socioeconomic conditions and context. The assessment and 
monitoring of children’s physical fitness has gained attention in recent decades, as has the 
question of how to promote physical fitness through the implementation of a variety of 
programs and interventions. However, these programs and interventions rarely focus on 
children with deficits in their physical fitness. Due to their deficits, these children are at the 
highest risk of suffering health impairments compared to their more average fit peers. In efforts 
to promote physical fitness, schools could offer promising and viable approaches to 
interventions, as they provide access to large youth populations while providing useful 
infrastructure. Evidence suggests that school-based physical fitness interventions, particularly 
those that include supplementary physical education, are useful for promoting and improving 
physical fitness in children with normal fitness. However, there is little evidence on whether 
these interventions have similar or even greater effects on children with deficits in their 
physical fitness. Furthermore, the question arises whether these measures help to sustainably 
improve the development/trajectories of physical fitness in these children. 
The present thesis aims to elucidate the following four objectives: (1) to evaluate the effects of 
a 14 week intervention with 2 x 45 minutes per week additional remedial physical education 
on physical fitness and executive function in children with deficits in their physical fitness; (2) 
to assess moderating effects of body height and body mass on physical fitness components in 
children with physical fitness deficits; (3) to assess moderating effects of age and skeletal 
growth on physical fitness in children with physical fitness deficits; and (4) to analyse 
moderating effects of different physical fitness components on executive function in children 
with physical fitness deficits. 
Methods: Using physical fitness data from the EMOTIKON study, 76 third graders with 
physical fitness deficits were identified in 11 schools in Brandenburg state that met the 
requirements for implementing a remedial physical education intervention (i.e., employing 
specially trained physical education teachers). The fitness intervention was implemented in a 
cross-over design and schools were randomly assigned to either an intervention-control or 
control-intervention group. The remedial physical education intervention consisted of a 14 
week, 2 x 45 minutes per week remedial physical education curriculum supplemented by a 
physical exercise homework program. Assessments were conducted at the beginning and end 
of each intervention and control period, and further assessments were conducted at the 
beginning and end of each school year until the end of sixth grade. Physical fitness as the 
primary outcome was assessed using fitness tests implemented in the EMOTIKON study (i.e., 
lower body muscular strength (standing long jump), speed (20 m sprint), cardiorespiratory 
fitness (6 min run), agility (star run), upper body muscular strength (ball push test), and balance 
(one leg balance)). Executive functions as a secondary outcome were assessed using attention 
and psychomotor processing speed (digit symbol substitution test), mental flexibility and fine 
motor skills (trail making test), and inhibitory control (Simon task). Anthropometric measures 
such as body height, body mass, maturity offset, and body composition parameters, as well as 
socioeconomic information were recorded as potential moderators. 
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Results: (1) The evaluation of possible effects of the remedial physical education intervention 
on physical fitness and executive functions of children with deficits in their physical fitness did 
not reveal any detectable intervention-related improvements in physical fitness or executive 
functions. The implemented analysis strategies also showed moderating effects of body mass 
index (BMI) on performance in 6 min run, star run, and standing long jump, with children with 
a lower BMI performing better, moderating effects of proximity to Berlin on performance in 
the 6 min run and standing long jump, better performances being found in children living closer 
to Berlin, and overall gendered differences in executive function test performance, with boys 
performing better compared to girls. (2) Analysing moderating effects of body height and body 
mass on physical fitness performance, better overall physical fitness performance was found 
for taller children. For body mass, a negative effect was found on performance in the 6 min run 
(linear), standing long jump (linear), and 20 m sprint (quadratic), with better performance 
associated with lighter children, and a positive effect of body mass on performance in the ball 
push test, with heavier children performing better. In addition, the analysis revealed significant 
interactions between body height and body mass on performance in 6 min run and 20 m sprint, 
with higher body mass being associated with performance improvements in larger children, 
while higher body mass was associated with performance declines in smaller children. In 
addition, the analysis revealed overall age-related improvements in physical fitness and was 
able to show that children with better overall physical fitness also elicit greater age-related 
improvements. (3) In the analysis of moderating effects of age and maturity offset on physical 
fitness performances, two unrotated principal components of z-transformed age and maturity 
offset values were calculated (i.e., relative growth = (age + maturity offset)/2; growth delay = 
(age - maturity offset)) to avoid colinearity. Analysing these constructs revealed positive effects 
of relative growth on performances in star run, 20 m sprint, and standing long jump, with 
children of higher relative growth performing better. For growth delay, positive effects were 
found on performances in 6 min run and 20 m sprint, with children having larger growth delays 
showing better performances. Further, the model revealed gendered differences in 6 min run 
and 20 m sprint performances with girls performing better than boys. (4) Analysing the effects 
of physical fitness tests on executive function revealed a positive effect of star run and one leg 
balance performance and a negative effect of 6 min run performance on reaction speed in the 
Simon task. However, these effects were not detectable when individual differences were 
accounted for. Then these effects showed overall positive effects, with better performances 
being associated with faster reaction speeds. In addition, the analysis revealed a positive 
correlation between overall reaction speed and effects of the 6 min run, suggesting that children 
with greater effects of 6 min run had faster overall reaction speeds. Negative correlations were 
found between star run effects and age effects on Simon task reaction speed, meaning that 
children with larger star run effects had smaller age effects, and between 6 min run effects and 
star run effects on Simon task reaction speed, meaning that children with larger 6 min run 
effects tended to have smaller star run effects on Simon task reaction speed and vice versa. 
Conclusions: (1) The lack of detectable intervention-related effects could have been caused by 
an insufficient intervention period, by the implementation of comprehensive and thus non-
specific exercises, or by both. Accordingly, longer intervention periods and/or more specific 
exercises may have been more beneficial and could have led to detectable improvements in 
physical fitness and/or executive function. However, it remains unclear whether these 
interventions can benefit children with deficits in physical fitness, as it is possible that their 
deficits are not caused by a mere lack of exercise, but rather depend on the socioeconomic 
conditions of the children and their families and areas. Therefore, further research is needed to 
assess the moderation of physical fitness in children with physical fitness deficits and, in 
particular, the links between children’s environment and their physical fitness trajectories. (2) 
Findings from this work suggest that using BMI as a composite of body height and body mass 
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may not be able to capture the variation associated with these parameters and their interactions. 
In particular, because of their multidirectional associations, further research would help 
elucidate how BMI and its subcomponents influence physical fitness and how they vary 
between children with and without physical fitness deficits. (3) The assessment of growth-
related changes indicated negative effects associated with the growth spurt approaching age of 
peak height velocity, and furthermore showed significant differences in these effects between 
children. Thus, these effects and possible interindividual differences should be considered in 
the assessment of the development of physical fitness in children. (4) Furthermore, this work 
has shown that the associations between physical fitness and executive functions vary between 
children and may be moderated by children’s socioeconomic conditions and the structure of 
their daily activities. Further research is needed to explore these associations using approaches 
that account for individual variance. 

 

Technical information 

This thesis and all it’s analysis were written and rendered using RStudio (RStudio Team, 2022) 
and Quarto (Allaire et al., 2022). 
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1 Review of literature  

1.1 Physical fitness 

The term physical fitness has served as an umbrella term for a variety of different concepts and 
perspectives. In this thesis, physical fitness is understood as a multidimensional concept that 
includes: (1) the ability to perform daily tasks with vigor and alertness, without excessive 
fatigue, and with sufficient energy to enjoy leisure activities and cope with unforeseen 
emergencies (Caspersen et al., 1985; Corbin et al., 2000; Howley & Franks, 1986; R. Pate et 
al., 2012; R. R. Pate, 1983) and (2) is related to current and future health status (Corbin et al., 
2000; Howley & Franks, 1986; Malina, 2004; R. Pate et al., 2012). Thus, physical fitness is an 
umbrella term referring to several components, such as cardiorespiratory fitness, muscular 
fitness, motor fitness, flexibility, and body composition, each with further subcomponents. 
Table 1.1 provides an overview, including definitions of different (sub)components.  
Table 1. 1: Components of physical fitness and definitions 

fitness components  definition  
cardiorespiratory 
fitness 

ability of circulatory and respiratory systems to supply energy 
during sustained physical activity and to eliminate fatigue products 
after energy supply (Corbin et al., 1978) 

muscular fitness  
muscular endurance (1) ability of a muscle or muscle group to exert force over many 

repetitions or successive loads (Corbin et al., 1978) or (2) 
sustaining voluntary contractions over a prolonged period of time 
(Ortega et al., 2014) 

muscular strength ability of a muscle or muscle group to exert/generate an external 
force (Corbin et al., 1978; Ortega et al., 2014) 

muscular power ability of a muscle or muscle group to perform a maximum dynamic 
contraction in a short time (Ortega et al., 2014) 

motor fitness  
agility (1) ability to change position of the whole body in space quickly 

and precisely (Corbin et al., 1978; Ortega et al., 2014) or (2) a 
combination of speed, balance, strength, and coordination (Ortega 
et al., 2008) 

balance ability to maintain balance while stationary or in motion (Corbin et 
al., 1978) 

coordination ability to use senses, such as vision and hearing, together with 
body parts to perform motor tasks smoothly and accurately (Corbin 
et al., 1978) 

power (1) ability, which refers to speed at which a person can perform 
work (Corbin et al., 1978), or (2) ability to exert force quickly 
(Howley & Franks, 1986) 

reaction time ability that refers to time elapsed between stimulation and onset of 
response (Corbin et al., 1978) 
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Table 1. 1: Components of physical fitness and definitions (continued) 

fitness components  definition  
speed ability to perform movements in a short period of time (Corbin et 

al., 1978) 

flexibility ability of a muscle or group of muscles to move a joint freely through 
full range of motion (Corbin et al., 1978; Ortega et al., 2014) 

body composition health-related component referring to the relative amount of muscle, 
fat, bone, and other vital parts of the body (Corbin et al., 1978) 

 
Cardiorespiratory fitness can also be referred to as cardiorespiratory endurance (Corbin et al., 
1978), cardiorespiratory function (Howley & Franks, 1986), aerobic fitness (Léger et al., 1988; 
Tomkinson, 2007), cardiovascular fitness, aerobic capacity, aerobic power, physical work 
capacity, and maximal oxygen consumption (VO2max) (Ortega et al., 2014). Similarly, 
musculoskeletal fitness is synonymous with muscular fitness (Smith et al., 2014). 
Historically, physical fitness in children and adolescents was first conceptualized in the late 
18th century by physical education teachers and focused primarily on muscular strength and 
flexibility with the goal of improving ‘health fitness’. First assessments of physical fitness were 
made using performance based tests such as high jump, pull-ups, sprints, standing and running 
long jump, rope climb, push-ups, and shot put (Dalen et al., 1953). During World War II, these 
concepts gained traction by incorporating the military’s understanding of physical fitness, 
which traditionally focused on ‘motor fitness’. ‘Motor fitness’ was understood as adequate 
abilities in a wide range of movement factors, with an emphasis on athletic performance rather 
than health outcomes (R. R. Pate, 1983). When publications suggested a decline in fitness 
among American youth1 (Kraus & Hirschland, 1954), policies were introduced to promote 
youth health through physical fitness (Hunsicker & Reiff, 1976). As promotion of physical 
fitness gained importance over time, the understanding of ‘being fit’ evolved as well. The shift 
occurred from a broader ‘motor fitness’ (i.e., cardiorespiratory endurance, muscle strength, 
body composition, flexibility, agility, strength, speed, balance) to a narrower ‘health-related 
physical fitness’ (i.e., cardiorespiratory endurance, muscle strength, body composition, 
flexibility). The focus herein was on specific components of ‘motor fitness’ that could be 
associated with health parameters or disease prevention (R. R. Pate, 1983). 
Differentiation between ‘motor fitness’ and ‘health-related physical fitness’ over time 
translated into the distinction between skill-related and health-related components of physical 
fitness (Blair et al., 1983; Caspersen et al., 1985; Corbin et al., 1978; R. R. Pate, 1983). 
Following Caspersen et al. (1985), health-related physical fitness includes cardiorespiratory 
fitness, muscular fitness excluding the muscle strength component, flexibility, and body 
composition, while skill-related components of physical fitness include the listed 
subcomponents of motor fitness (see Table 1.1). Of note, the retirement of flexibility as a 
component of physical fitness has been suggested since it has comparatively little predictive 
power for meaningful health and performance outcomes in healthy individuals (Nuzzo, 2020). 
In addition, it is worth noting that a framework for health-related physical fitness proposed by 
Howley et al. (1986) focused on relative leanness rather than body composition2 and further 
incorporated an arousal-relaxation balance, referring to the balance between relaxation (i.e., 
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dominance of the parasympathetic nervous system) and arousal (i.e., dominance of the 
sympathetic nervous system) in relation to personality traits, external stress, and physical 
activity3. 
Another differentiation in context of physical fitness occurred between motor skills 
(‘motorische Fertigkeiten’) and motor abilities (‘motorische Fähigkeiten’). Motor abilities 
represent latent constructs here, describing general processes of control and functionality that 
inform and influence the execution of specific movements and motor skills, with motor skills 
representing specific patterns of movement to accomplish movement tasks (Roth & 
Willimczik, 1999). Motor abilities (similar to (sub)components of physical fitness) can be 
divided into (1) conditional abilities such as cardiorespiratory fitness (‘Ausdauer’), muscular 
strength/fitness (‘Kraft’), and speed (‘Schnelligkeit’), (2) coordinative abilities such as speed 
(‘Schnelligkeit’) and coordination (‘Koordination’) as well as (3) flexibility (‘Beweglichkeit’) 
as a passive system for energy transfer. These motor abilities are further separated into [1] 
aerobic cardiorespiratory fitness (’Aerobe Ausdauer‘), [2] anaerobic cardiorespiratory fitness 
(’Anaerobe Ausdauer‘), [3] muscular endurance (’Kraftausdauer‘), [4] muscular maximum 
strength/force (’Maximalkraft‘), [5] muscular speed (’Schnellkraft‘), [6] action speed 
(’Aktionsschnelligkeit‘), [7] reaction speed (’Reaktionsschnelligkeit‘), [8] coordination (time 
pressure) (’Koordination (Zeitdruck)’), and [9] coordination (precision) (’Koordination 
(Präzision)’)4 (Bös, 2000). 
The approach of Bös (2000) assumes that only motor abilities, but not motor skills, can be 
measured directly. Accordingly, assessment of physical fitness constructs (or, in case of Bös et 
al. (2000), motor abilities) is done via assessment of motor skills, from which physical fitness 
information is inferred5. Assessment of physical fitness in children and adolescents is usually 
carried out with field-based tests, as these can easily be administered with little equipment and 
staff and have good validity and reliability (Artero et al., 2011; Castro-Piñero et al., 2010; 
Oberger et al., 2006; Ruiz et al., 2011; Safrit, 1990). This allows time-efficient testing of large 
numbers of subjects (Castro-Piñero et al., 2009; Golle, 2015; Golle et al., 2015). 

1.1.1 Maturity and gender 

In children, physical fitness is substantially affected by growth and maturation processes that 
can improve physical fitness irrespective of children’s physical activity (Malina, 2004; Malina 
& Katzmarzyk, 2006). While growth and maturation are intertwined, growth usually refers to 
directly measurable changes in body size, weight, proportions and composition, whereas 
maturation refers to processes that lead the body to a mature (adult) state6 (Manna, 2014). 
While all body tissues, organs and organ systems mature at different rates, maturation tends to 
be independent of chronological age, depending on respective tissues/organs/systems (G. P. 
Beunen et al., 2006). Skeletal maturity is considered the best single indicator of maturation in 
children as it is present in all children and is not primarily dependent on maturation of other 
tissues/organs (Acheson, 1966; G. P. Beunen et al., 2006; G. Beunen & Malina, 1988). Skeletal 
maturity is usually determined by age at peak height velocity, which refers to the adolescent 
growth spurt (G. Beunen & Malina, 1988; R. Malina, 1988; Tanner, 1951). The most accurate 
assessment of skeletal maturity and age at peak height velocity uses radiological examinations 
of one or more bones (Chumela et al., 1989; Greulich & Pyle, 1959), however, these 
examinations are expensive, equipment-intensive, require expert interpretation, and carry risks 
of radiation exposure (Mirwald et al., 2002). Alternatives were proposed by Mirwald et al. 
(2002), who used longitudinal data from children with predetermined ages at peak height 
velocity ranging from four years before to three years after peak height velocity. Based on this 
information, an equation was generated including age, standing height, sitting height and mass, 
to calculate gender-specific estimates. A similar approach was adopted by Moore et al. (2015), 
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who used a larger data set and created simpler gender-specific equations using only age, 
standing height, and sitting height to estimate age at maximum height velocity7. 
With regard to gendered determination of maturity, it is important to clarify uses of gender and 
‘sex’ in their relations with each other. It is common practice to classify participants as either 
male or female under the umbrella term ‘sex’8. Feminist scholars, scientists, and activists in 
particular have expressed concern about (mis)uses of these terms over past decades (even 
centuries), calling for (1) a more nuanced understanding of an individual’s biological 
characteristics (i.e., ‘sex’) and socially constructed reality in relation to these characteristics 
(i.e., ‘gender’), (2) an awareness of their interrelationships and interdependencies, and (3) a 
move away from a binary understanding of these two terms (Butler, 1990; Fausto-Sterling, 
2020; Johnson & Repta, 2012; R. Jordan-Young & Karkazis, 2019). Classification of ‘sex’ into 
two distinct categories based on biological properties does not relate unambiguously to 
individual biological characteristics. In a scientific context, commonly used properties are 
chromosomes, gonads, external and internal genitalia, secondary ‘sex’ characteristics, and 
hormones, which do not allow for a ‘natural’ binary definition within and among themselves 
(Ainsworth, 2015; Blackless et al., 2000; Fausto-Sterling, 2020; R. Jordan-Young & Karkazis, 
2019; Oudshoorn, 2005). For example, classification of maturity based on Tanner stages uses 
inspection of external genitalia in boys and secondary sexual characteristics in boys and girls9 
(Tanner & Whitehouse, 1981). Of note, study on birth rates of intersex people (i.e., people who 
cannot be identified as “ideally male” or “ideally female” based on their chromosomes, gonads, 
and internal and external genitalia) found that the birth rate of intersex children is ~1.728% 
(Blackless et al., 2000), but they are usually considered “not intended by nature” and require 
surgical “correction” (Fausto-Sterling, 2020). Alternative concepts to a binary ‘sex’ 
classification can be found, for example, in the Dominican Republic or in New Guinea, where 
children with dihydrotestosterone deficiency10 are recognised as a third ‘sex’ (G. Herdt, 1990; 
G. H. Herdt & Davidson, 1988; Rivera-Garza & Herdt, 1996). Additionally, Western scientists 
such as Fausto-Sterling (Fausto-Sterling & Trajanoski, 2004) have proposed a system of five 
sexes (i.e., female, female pseudo-hermaphrodite, true hermaphrodite, male pseudo-
hermaphrodite and male), still based on external primary genitalia but allowing for more 
variability and reducing the need for imminent surgical intervention on infants. 
In contrast to ‘sex’, gender is held as continuous construction of specific roles in representation 
of society (i.e., man and woman as representations for Western societies). This construction 
occurs in a specific cultural system of meaning in which value is assigned according to social 
values and hierarchies. Thus, it is linked to political and economic factors in every 
society/culture (Lauretis, 1987). Gender can be based on individuals identification with an 
existing gender-identity, in social situations especially in presence of systems of governance 
however, the construction of gender is still mostly tied to assumptions of a “true” and “binary” 
‘sex’ (Butler, 1990; Fausto-Sterling, 2020; Lugones, 2010; Westbrook & Schilt, 2014). Gender 
could therefore be based on the individual’s identification with a gender identity. However, in 
social situations, especially in presence of governance systems, construction of gender is 
currently still mostly tied to a ‘true’ and ‘binary’ gender assumption (Butler, 1990; Fausto-
Sterling, 2020; Lugones, 2010; Westbrook & Schilt, 2014). In these social situations, the basis 
of gender assignment11 may occur in forms such as visual cues in face-to-face interactions, 
presence of genitalia in sexual situations or even legal cases or political decisions12, or symbolic 
reassignment of trans people from one side of the gender binary to the other, which may be 
required by officials to legally confirm their gender (Westbrook & Schilt, 2014). It is important 
to note that in processes of colonialism, a binary division of gender into ‘men’ and ‘women’ 
was reserved for colonisers (i.e., bourgeois white Europeans), which also classified them as 
‘human’. Colonised (i.e., indigenous peoples) were not classified into ‘men’ and ‘women’ and 
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thus were classified as ‘non-human’13 (Lugones, 2010). Accordingly, gendered oppression 
occurs and intersects with other lines of oppression such as race (Ahmed, 2013; Alcoff, 2006; 
Collins, 2002; Collins & Bilge, 2016; Fanon, 1986; Gilman, 1994; hooks, 1990; Tate, 2009) or 
(dis)ability (Clare, 2015; Garland-Thomson, 2011; McRuer & Berube, 2006; Toombs, 2001; 
Wendell, 1996). Depending on where and how gender is situated14, lived experiences of 
gendered individuals as well as access to spaces and resources thus differ depending on 
social/cultural environments (Lugones, 2010; Westbrook & Schilt, 2014). Some examples of 
this can be found in income inequality (Mischler, 2021), sports participation (R. Jordan-Young 
& Karkazis, 2012; Karkazis et al., 2012), or quality of self-reported health (Gómez-Costilla et 
al., 2022). In line with Kessler et al. (1978), the word ‘gender’ is used instead of ‘sex’ to 
emphasise social construction of both ‘sex’ and ‘gender’ and to relate gendered research 
findings to their sociocultural setting rather than defaulting to biological markers of gender 
differences. 

1.1.2 Development of physical fitness 

Physiological and morphological changes associated with growth and maturation shape 
development of children’s physical fitness in different ways and interact with children’s 
socioecological environment. Several studies have examined this development either through 
a singular examination of children of different ages (i.e., cross-sectional study) or through 
several examinations of children over time (i.e., longitudinal study). Ample evidence of 
improvement in physical fitness during childhood and adolescence (i.e., up to the age of 16-18 
years) exists for (1) cardiorespiratory fitness15 (Albrecht, 2015; Andersen et al., 1976; Castro-
Piñero et al., 2011; Catley & Tomkinson, 2013; Fühner et al., 2021; Golle et al., 2014; Miguel-
Etayo et al., 2014; Niessner et al., 2020; Oliveira et al., 2014; R. Santos et al., 2014; Tambalis 
et al., 2016), (2) muscular fitness16 (Castro-Piñero et al., 2009; Catley & Tomkinson, 2013; 
Fühner et al., 2021; Golle et al., 2014; Lundgren et al., 2011; Miguel-Etayo et al., 2014; 
Niessner et al., 2020; Oliveira et al., 2014; Ortega et al., 2023; R. Santos et al., 2014; Tambalis 
et al., 2016), and (3) speed17 (Catley & Tomkinson, 2013; Fühner et al., 2021; Golle et al., 
2014; Miguel-Etayo et al., 2014; Oliveira et al., 2014; Tambalis et al., 2016). Of note one study 
remarked that cardiorespiratory fitness plateaued as early as 12 years (Castro-Piñero et al., 
2011). (4) Flexibility18 also shows age-related improvements, however improvements are less 
pronounced compared to aforementioned physical fitness components (Albrecht, 2015; Catley 
& Tomkinson, 2013; Golle et al., 2014; Miguel-Etayo et al., 2014; Niessner et al., 2020; 
Oliveira et al., 2014; R. Santos et al., 2014; Tambalis et al., 2016). (5) Evidence for continuous 
improvements in balance19 until adolescence were found in some studies (Lundgren et al., 
2011; Miguel-Etayo et al., 2014), while others found that evidence for a stabilisation for 
dynamic balance around 9 years and for static balance around 12 years (Niessner et al., 2020). 
Improvements in physical fitness and especially cardiorespiratory fitness, muscular fitness, and 
speed also show different gender-related patterns. (1) Cardiorespiratory fitness tests show 
overall better performances in boys compared to girls (Castro-Piñero et al., 2011; Catley & 
Tomkinson, 2013; Fühner et al., 2021; Golle et al., 2014; Miguel-Etayo et al., 2014; Oliveira 
et al., 2014; Tambalis et al., 2016), with more pronounced improvements in boys at age 13 
(Niessner et al., 2020; Ortega et al., 2023; R. Santos et al., 2014). Furthermore, studies show 
that cardiorespiratory fitness peaks in boys at 15-16 years of age (Niessner et al., 2020; Ortega 
et al., 2023; Tambalis et al., 2016), while in girls it varies between 11-13 (Albrecht, 2015; 
Ortega et al., 2023) and 14-15 years of age (Niessner et al., 2020; Tambalis et al., 2016). (2) In 
muscular fitness tests, boys overall tend to outperform girls as well (Castro-Piñero et al., 2009; 
Catley & Tomkinson, 2013; Golle et al., 2014; Miguel-Etayo et al., 2014; Oliveira et al., 2014; 
Ortega et al., 2023; R. Santos et al., 2014; Tambalis et al., 2016). However, these differences 
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appear to be comparatively small before puberty, particularly in muscular endurance (Albrecht, 
2015; Castro-Piñero et al., 2009; Lundgren et al., 2011; R. Santos et al., 2014), and evidence 
for gender differences before puberty ranges from studies finding no difference (Castro-Piñero 
et al., 2009; Lundgren et al., 2011; R. Santos et al., 2014) to boys performing better than girls 
(Fühner et al., 2021; Golle et al., 2014). Furthermore, longitudinal studies indicate steeper age-
related improvements in girls within school grades (Golle et al., 2014), while cross-sectional 
studies indicate no gendered differences in age-related improvements rates during childhood 
across grades (Castro-Piñero et al., 2009; Fühner et al., 2021). During and after puberty, 
muscular strength performance in particular increases in boys and plateaus in girls (Albrecht, 
2015; Castro-Piñero et al., 2009; Niessner et al., 2020; Tambalis et al., 2016). (3) Performances 
in sprint speed tests are better in boys compared to girls (Catley & Tomkinson, 2013; Fühner 
et al., 2021; Miguel-Etayo et al., 2014; Oliveira et al., 2014; Tambalis et al., 2016), but remain 
stagnant in all children after the age of 16 (Tambalis et al., 2016). (4) For flexibility and (5) 
balance performance, most studies found better performance in girls compared to boys (Golle 
et al., 2014; Miguel-Etayo et al., 2014; Oliveira et al., 2014; R. Santos et al., 2014; Tambalis 
et al., 2016), while some studies found no evidence of gender differences in terms of balance 
(Lundgren et al., 2011; Niessner et al., 2020). 
In summary, physical fitness improves continuously in childhood up to the age of ~12 years, 
with subsequent different trajectories in boys and girls, such as a greater increase in 
cardiorespiratory fitness in boys (Niessner et al., 2020; R. Santos et al., 2014) compared to a 
possible plateau in girls (Albrecht, 2015; Castro-Piñero et al., 2011). For a more detailed 
presentation of development curves of physical fitness components in children, see Albrecht et 
al. (2015), Niessner et al. (2020), or Ortega et al. (2023). Physical, physiological, and biological 
changes related to growth and maturation are often cited as the reason for difference in 
development of physical fitness with age and between genders (Albrecht, 2015; Castro-Piñero 
et al., 2011; R. Santos et al., 2014; Tambalis et al., 2016). Due to the complexity of maturation 
and growth (G. P. Beunen et al., 2006), effects of specific maturation processes on physical 
fitness performances in their interrelationships are still unclear. 

1.1.3 Secular trends of physical fitness 

Aside from interactions with growth and maturity, physical fitness in children of same age and 
location changes over time, as so-called secular changes. Particularly, concerns of declining 
physical fitness among youth has gained much attention in recent decades and has led to 
research assessing these trends at an local, national, and international level (Dooley et al., 2020; 
Fühner et al., 2020; Tomkinson et al., 2003, 2019, 2020; Tomkinson & Olds, 2007). 

1.1.3.1 International secular trends 

International20 analyses of secular trends in children aged 6 to 19 years were first published 
from the early 2000s and have since increased in popularity. Cardiorespiratory fitness21 showed 
an overall improvement from 1958 to 1970 (Tomkinson & Olds, 2007), followed by a decline 
until 2000 ~ 2010 (Fühner et al., 2020; Tomkinson et al., 2003, 2019; Tomkinson & Olds, 
2007), where it stabilised and reached a floor (Fühner et al., 2020; Tomkinson et al., 2019). 
Regarding muscular fitness, international trends are available for the subcomponents muscular 
strength, muscular power, and muscular endurance. International secular trends for muscular 
strength22 yielded conflicting results, showing an overall small negative quadratic trend 
(Fühner et al., 2020) in contrast to overall progressive improvements until 2017 (Dooley et al., 
2020). For muscular power23, international secular trends showed overall improvements 
followed by subsequent declines with peaks in ~1985 (Tomkinson, 2007) or ~2000 
(Tomkinson et al., 2020). For muscular endurance24 large international improvements with a 
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slowdown that stabilised around 2010 and declined thereafter were found (Kaster et al., 2020). 
Studies assessing international secular trends for speed25 found improvements up to ~1970, 
followed by steady declines (Tomkinson, 2007), while another study found slight to moderate 
improvements from 1970 to ~2015 (Fühner et al., 2020). Contradictory results for muscular 
strength and speed could be at least partly explained by differences in inclusion criteria between 
studies. For example, Fühner et al. (2020) used a comprehensive approach to muscular strength 
that allowed different tests to be included in the analysis, while Dooley et al. (2020) focused 
on handgrip strength only. 
Explanations of varying trend directions and developments can be combined into an 
interrelated model of physiological/psychological, physical, behavioural, and social factors 
(Tomkinson, 2004). Following this model, several subanalyses have been conducted to further 
identify and elucidate moderator variables of these trends. Estimating trends for larger 
geographical regions26, as well as individual countries showed trends in geographic regions to 
be similar to international trends (Tomkinson, 2007; Tomkinson & Olds, 2007), while greater 
variability is shown around directions of national trends regarding direction and uniformity 
(i.e., linear or curvilinear) (Dooley et al., 2020; Kaster et al., 2020; Tomkinson et al., 2003, 
2019, 2020). For gender, most studies found similar trends for boys and girls (Dooley et al., 
2020; Kaster et al., 2020; Tomkinson et al., 2003, 2019, 2020; Tomkinson, 2007), with the 
exception of cardiorespiratory fitness, where a steeper decline was found for boys (Fühner et 
al., 2020; Tomkinson & Olds, 2007). Correlating international secular physical fitness trends 
with international secular trends of body mass index27 (BMI) found a positive correlation for 
handgrip strength in children but not adolescents, with higher body mass indices being 
associated with stronger handgrips (Dooley et al., 2020), but found no associations with shuttle 
run, standing long jump, and sit up performances (Dooley et al., 2020; Kaster et al., 2020; 
Tomkinson et al., 2019, 2020). Correlating international physical fitness trends with 
international trends in moderate to vigorous and vigorous physical activity28 revealed a positive 
correlation between sit up performances and vigorous physical activity, indicating that being 
vigorously physically active for one hour four times a week might be beneficial for secular 
trends in sit up performance or vice versa (Kaster et al., 2020). No significant correlations were 
found between handgrip strength, standing long jump, and shuttle run performance with 
physical activity (Dooley et al., 2020; Tomkinson et al., 2019, 2020). Comparing secular trends 
to developments in socioeconomic variables at country level such as gross national income per 
capita29 (Tomkinson, 2007; Tomkinson & Olds, 2007), Gini index30 (Dooley et al., 2020; 
Kaster et al., 2020; Tomkinson et al., 2019, 2020), human development index31 (Dooley et al., 
2020; Kaster et al., 2020; Tomkinson et al., 2019, 2020), and urbanisation rate32 (Dooley et al., 
2020; Kaster et al., 2020; Tomkinson et al., 2019, 2020) found (1) trends in speed and muscle 
strength to be favourable in low income countries but detrimental in high income countries 
between 1970 and 2000 (Tomkinson, 2007), (2) smaller declines in shuttle run performance to 
be associated with a larger increase in gross domestic product (Tomkinson et al., 2003), (3) 
correlations between Gini index with shuttle run performances, with countries approaching 
income equality showing more favourable trends (Tomkinson et al., 2019), and (4) no 
significant associations for the remaining comparisons/correlations. 
In summary, secular trends of physical fitness show a complex development with ambiguous 
directions for different components of physical fitness, as well as interdependencies with the 
social world. This emphasises the need for an understanding of these interdependencies in order 
to properly contextualise secular fitness trends and be able to create meaningful and effective 
interventions. 
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1.1.3.2 Regional secular trends and interrelations - EMOTIKON study 

Due to the regional relevance for this thesis, regional secular trends for the federal state of 
Brandenburg, Germany, are presented. These trends were assessed in the EMOTIKON study, 
which also served as foundation for the SMaRTER study (see Section 2.3). Measurements of 
physical fitness are taken using a fitness battery of six tests consisting of 6 min run, standing 
long jump, ball push test, 20 m sprint, one leg balance test, and star run (Teich, 2023). A 
detailed descriptions of these tests can be found in Section 2.4.2.1. 
Secular trends in the EMOTIKON study were analysed for five of the six tests mentioned above 
(one leg balance test was not included in the analysis) from 2011 to 2019 in 108,295 children 
aged 8 to 8.99 years spread across 515 schools. Of note, in this analysis, contrasts were 
specified to compare performance trends in (1) star run to 6 min run, (2) 20 m sprint to star run, 
(3) standing long jump to 20 m sprint, and (4) standing long jump to ball push test. Analyses 
showed linear increases in test performances with chronological age and better performances 
of boys compared to girls in all included fitness tests. Tests differed in magnitude of respective 
gender and age effects. Interestingly, no evidence of an age-gender interaction was found for 
any of the tests or contrasts, despite an abundance of statistical power. Evidence for secular 
trends was only found for 6 min run with declines and for 20 m sprint with improvements in 
test performances. Additional findings were that 6 min run, 20 m sprint, star run and standing 
long jump tests form a correlated construct representing a potential conception of ‘physical 
fitness’, and that ‘physically fit schools’ show greater age-related improvement (Fühner et al., 
2021). 
In another publication, Fühner et al. (2022) analysed physical fitness of children depending on 
their age at school enrollment (i.e., 30 September). Three different groups were defined as (1) 
keyage (108,296 children aged 8 to 8.99 years; sample from Fühner et al. (2021)), (2) younger 
than keyage (2,586 children aged 7 to 7.99 years), and (3) older than keyage (26,540 children 
aged 9 to 9.99 years). Their analyses showed that keyage children performed better than older 
than keyage children, especially in the star run test, and that gender differences were present 
but reversed for older than keyage children. In addition, analyses showed that younger than 
keyage children performed better than keyage children, especially in the star run test. The 
authors hypothesise that differences between groups are related to differences in maturation 
that lead to children being enrolled in school earlier or later (Fühner et al., 2022). 
In unpublished analyses on sociocultural, -economic, and -structural interrelations of physical 
fitness in the federal state of Brandenburg, the EMOTIKON research team investigated effects 
related to proximity to Berlin33. They found better performance in 6 min run, 20 m sprint, and 
standing long jump in children who lived closer to Berlin, although there was no evidence for 
the effect of proximity to Berlin on the direction of secular trends in the analysed tests (R. 
Kliegl & Teich, 2022). A further analysis linking the EMOTIKON data set to results of the 
2021 federal election in the state of Brandenburg, Germany found a negative correlation 
between 6 min run performance and percentage of right-wing members in local councils and a 
positive correlation between performance in 6 min run performance and percentage of Green 
and Liberal party members in local councils. These effects were reversed for ball push test 
performances (R. Kliegl & Teich, 2022). This means, for example, that areas with a high 
proportion of right-wing party members and a low proportion of green and liberal party 
members in local councils have comparably lower 6 min run performances and higher ball push 
test performances. With regard to the tendency of low-income voters to prefer right-wing 
parties and of higher-income voters to prefer green and liberal parties (DIW, 2017), these 
results emphasise the sociocultural, -economic, and -structural conditions of physical fitness 
and its health-related correlates. 
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As regional secular trends in 6 min run and 20 m sprint (Fühner et al., 2021) share parallels 
with international trends in cardiorespiratory fitness (Fühner et al., 2021; Tomkinson et al., 
2019; Tomkinson & Olds, 2007) and speed (Fühner et al., 2020), these trends might be caused 
by a similar component. Particularly striking is the relation to different aspects of income in its 
specific sociocultural context, such as the Gini-index (Tomkinson et al., 2019) or the 
association between income and electoral behaviour (DIW, 2017; R. Kliegl & Teich, 2022). 

1.2 Physical fitness and weight status 

Over the past few decades, considerable evidence has been found to show low physical fitness 
to be a risk factor associated with a wide range of health problems in children. For example, 
low muscular fitness in childhood and adolescence is associated with an increased risk of 
cardiovascular disease, an increase in metabolic risk factors and an increase in obesity, while 
high muscular fitness is associated with improved bone health (García-Hermoso et al., 2019; 
Ramírez-Vélez et al., 2016; Smith et al., 2014). Similarly, low cardiorespiratory fitness is 
associated with an increase in cardiovascular risk factors such as abnormal blood lipids, 
hypertension, and increased obesity (Ruiz et al., 2009), as well as symptoms of depression 
(Esmaeilzadeh, 2014, 2015). While there are a variety of different negative health effects, the 
following sections primarily focuses on associations between physical fitness and weight 
status. 
Weight status in mostly used in physical fitness research to determine children with 
overweight/obesity, which can vary depending on its definition. The most commonly used tool 
for assessing overweight/obesity is the BMI (i.e., mass/height2). For adults, BMI cut-off scores 
for overweight are 25 kg/m2 and for obesity 30 kg/m2, which are predominantly used for adults 
in Western countries (Akram et al., 2000). For children and adolescents, age- and gender-
specific BMI cut-off values have been estimated based on adult prevalence to account for 
maturation and growth-related changes in the body (Cole et al., 2000; Cole & Lobstein, 2012; 
Kromeyer-Hauschild et al., 2001). BMI is most commonly used in population-based studies as 
it is easily accessible and provides a reasonable estimate of prevalence of overweight and 
obesity in a larger population (Akram et al., 2000; Bentham et al., 2017; Ng et al., 2014; Y. 
Wang & Lobstein, 2006). It is assumed that changes in body mass (which affect the ratio of 
height to body mass) are mainly due to an increase in body fat (Akram et al., 2000; Cole et al., 
2000; Nishida et al., 2004). However, for exercise-based interventions, the general goal is to 
reduce fat mass and increase muscle mass. The BMI is not suitable for differentiating between 
fat and muscle mass, thus other measures and methods, such as dual-energy X-ray 
absorptiometry, skinfold thickness, waist circumference, or bioelectrical impedance analysis, 
can be used (Lindsay et al., 2001; Lobstein et al., 2004; Steinberger et al., 2005; Tyrrell et al., 
2001; Wohlfahrt-Veje et al., 2014). 
In recent decades, both scientists and health-oriented institutions have expressed concern about 
growing numbers of overweight and obese people worldwide. A survey assessing international 
changes of overweight and obesity prevalences34 in children and adolescence aged 2 to 19 years 
in 188 countries found an overall increases between 1980 and 2013. In developed countries35 
prevalences increased from 16.2% to 22.6% in girls and from 16.9% to 23.8% in boys, and for 
developing countries from 8.4% to 13.4% in girls and from 8.1% to 12.9% in boys (Ng et al., 
2014). Another study examined secular trends in mean BMI among 24.1 million children and 
adolescents aged 5 to 17 years from 1975 to 2016. Across all age groups, an international 
increase from ~17.2 kg/m2 to ~18.6 kg/m2 was found for girls (i.e., ~0.32 kg/m2 per decade), 
and from ~16.8 kg/m2 to ~18.5 kg/m2 for boys (i.e., ~0.4 kg/m2 per decade). Regarding 
prevalence in age standardised obesity36, found increases from 0.7% to 5.6% in girls and from 
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0.9% to 7.8% in boys from 1975 to 2016 (Bentham et al., 2017). A study that did not utilise 
BMI examined secular changes in skinfold thickness and percent body fat in 458 547 children 
and adolescents aged 0 to 18 years from 1951 to 2003 in 30 industrialised countries37. The 
analyses showed an increase in skinfold thickness of ~0.49 mm and percentage body fat of 
~0.86% per decade with highest rates in children age 10 to 14 years (Olds, 2009). 
These changes are of particular concern to public health officials, as overweight and obesity 
are associated with negative health outcomes. For example, childhood overweight or obesity38 
is associated with increased risk factors for cardiovascular disease such as elevated trigylceride, 
LDL, and HDL cholesterol levels, insulin, and elevated systolic and diastolic blood pressure 
(Freedman et al., 2009, 2013). Moreover, a meta-analysis examining diagnosis and symptoms 
of depression in overweight and obese39 children (0 to 12 years) and adolescents (13 to 21 
years) showed that obese children have a higher risk of developing depression (OR = 1.34) 
(Quek et al., 2017). While children who are classified as overweight or obese face immediate 
risks to their physical and mental health, several studies have examined links between 
childhood overweight and obesity classifications and health risks later in life. For example, one 
study found an increased risk of death from coronary heart disease, atherosclerosis, colorectal 
cancer, and gout in 256 men who were classified as overweight in their youth40 (Must et al., 
1992). A systematic review examining effects of obesity in childhood (i.e., 2 to 12 years) and 
adolescence (i.e., 13 to 19 years) on morbidity and mortality in adulthood (i.e., ≥ 19 years) 
found strong evidence of increased risk of type 2 diabetes, hypertension, coronary heart 
disease, colorectal cancer, and all-cause mortality41 (Park et al., 2012). In addition, several 
studies have shown that childhood and adolescent overweight/obesity continues into adulthood 
(Singh et al., 2008), and that the number of years living with obesity further increases all-cause 
mortality, cardiovascular mortality, cancer mortality, and mortality from other causes 
(Abdullah et al., 2011). 
Due to negative health effects associated with overweight and obesity in childhood and 
adolescence, the relationship between physical fitness and weight status is considered a 
possible cause and explanation for negative health effects associated with low physical fitness. 
However, the relationship between physical fitness and weight status is ambivalent, 
multidirectional, and varies for different components of fitness and assessments of obesity. For 
example, in the aforementioned studies assessing international secular trends in physical 
fitness, no overall significant national-level correlations with secular trends in BMI were found 
for different components (Dooley et al., 2020; Kaster et al., 2020; Tomkinson et al., 2019, 
2020) (see Section 1.1.3.1 for more details). Only subanalyses of secular trends in BMI and 
handgrip strength for children and adolescents seperately showed a positive correlation for 
children (r = .55, 95%CI = .03 to .84) but not for adolescents (r = .21, 95%CI = -.36 to .67). 
This may indicate that positive effects of BMI on handgrip strength may lessen with age. As a 
reason for the positive direction of the relationship, the authors hypothesised that improvements 
in handgrip strength are due to an increase in lean muscle mass, which is part of increases in 
BMI (Dooley et al., 2020). Similarly, in a study examining the relationship between handgrip 
strength and BMI or percentage body fat in children42, found a positive correlation between 
BMI and handgrip strength, while the correlation between body fat and handgrip strength was 
negative43 (Sartorio et al., 2002). In other tests of muscular fitness, the relationship of weight 
status with physical fitness changes direction. For example, in a study examining the 
relationship between muscular strength and weight status in American children and 
adolescents, a positive relationship was found between weight status with knee extension and 
handgrip strength, with higher performance associated with higher weight status. However, 
while in plank and pull-up tests, there was an inverse relationship, with an increase in weight 
status associated with a decrease in performance44 (Ervin et al., 2014). It has been theorised 
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that muscle strength in tests that require lifting body mass is inversely related to weight status, 
as performances are more affected by body mass and especially body fat mass, while tests that 
focus on specific muscles without utilising total body mass show a parallel relationship due to 
better utilisation of lean body mass (Deforche et al., 2003; Ervin et al., 2014). Similarly, 
cardiorespiratory fitness, particularly in tests measuring running performance over a given 
distance or time, is consistently better in normal-weight children compared to overweight and 
obese children (Abdelkarim et al., 2020; Palomäki et al., 2015). For example, a study 
examining the relationship between weight status, 20 m shuttle run performance, and physical 
activity in adolescents aged 15-16 years showed that cardiorespiratory fitness was better in 
normal-weight adolescents than in overweight adolescents, regardless of physical activity and 
gender45 (Palomäki et al., 2015). Another study assessing effects of weight status on 9 min run 
performance in 519 Brazilian students could show better performances in normalweight 
compared to overweight, and overweight compared to obese children46. They were also able to 
show that weight status had a greater impact on 9 min run performance compared to other 
fitness tests such as sit-and-reach, stationary long jump, 1 min curl-up, modified pull-up, 
medicine ball throw, 20 m run, and 4 m shuttle run (Dumith et al., 2010). 
In relation to aforementioned interrelations between physical fitness and socioeconomic 
variables, it is important to highlight socioeconomic correlates shaping weight status in youth. 
For example, a systematic review of 158 papers examining associations between 
socioeconomic position and weight status among adolescents in the 21 richest countries 
between 1990 and 2005 found an inverse association in 60.7% of the studies47. 18.7% found 
no association and 20.9% found the association to be confounded by other variables such as 
age, gender, or ethnic group, and only 1.1% found a parallel association (Barriuso et al., 2015). 
Similar results were obtained in a study examining effects of physical activity, television 
viewing, video game play, socioeconomic status, and ethnicity on BMI of American 
adolescents aged 10 to 16 years48. The most striking associations were found for ethnicity, 
socioeconomic status, and gender, with higher rates of overweight in African American 
children, low socioeconomic status, or girls compared to White children, high socioeconomic 
status, or boys (McMurray et al., 2000). These findings suggest that prevalence of overweight 
and obesity runs along lines of societal marginalisation, which would support an intersectional 
approach49. A study assessing obesity prevalence and its social correlates in Black and White 
American adolescents aged 15.2 ± 1.6 years attending public school found that Black girls 
comparatively assigned themselves to the lowest social stratification and had the highest BMI. 
Analysis of socioeconomic status revealed that lower-income and Black students were more 
likely to be overweight and that, on average, Black students came from lower-income families 
compared to White students50 (Goodman et al., 2003). Interestingly, a study that examined 
trends in obesity prevalence among 534 children aged 2 to 4 years over a three-year period in 
relation to household income51 found that obesity prevalence increased at a greater annual rate 
in low-income households compared to higher-income households, highlighting longevity of 
income-related differences in obesity prevalence (Kunin-Batson et al., 2023). 
In summary, the relation on weight status varies between and within different physical fitness 
components in its magnitude as well as direction depending on different test properties. Further, 
as weight status is associated with specific socioeconomic markers, interpretations of effects 
of weight status on physical fitness need to consider its socioeconomic context. 

1.3 Physical fitness and executive function 

In recent decades, in context of physical fitness, cognitive performance, particularly executive 
function52, has received increasing attention in children and adolescents (Chu et al., 2019; 
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Donnelly et al., 2016; Ruiz-Ariza et al., 2017). Executive functions describe top-down control 
processes against automatic or instinctive decisions or actions, and is subdivided into the 
domains inhibition, working memory and cognitive flexibility (Diamond, 2013; Haapala, 
2013). Inhibitions is at the core of executive function and is ascribed to the control of attention, 
actions and reactions, while working memory describes the ability to hold and actively process 
information (Diamond, 2013; Haapala, 2013). Cognitive flexibility is found at the intersection 
of inhibition and working memory and is described as changing perspective on a problem or 
adjusting to new rules (Diamond, 2013) Studies examining the relationship of physical fitness 
with executive function have found a small but positive association. For example, in studies 
comparing high-fit with low-fit children on basis of their cardiorespiratory fitness, high-fit 
children were found to have better allocation of attentional and working memory resources 
(Hillman et al., 2005) and better response accuracy (Hillman et al., 2009) compared to low-fit 
children53. A study examining the relationship between shuttle run performance and executive 
functions in children aged 12 to 15 years found a small but significant positive correlation 
between shuttle run performance and cognitive flexibility, but not with problem-solving skills54 
(Niet et al., 2014). Another study that examined the association between a 10-minute interval 
running performance and a composite of executive functions in 378 children (aged 9 to 10 
years) found a small but significant positive association55 (Kvalø et al., 2019). Skog et al. 
(2020) examined the relationship between maximal oxygen uptake and maximal power output 
with working memory, short-term memory, visual learning and memory, paired associated 
learning, attention, reaction time, and ‘executive function’ and found that maximal oxygen 
uptake was positively associated with working memory, visual learning, and associated 
learning56. In contrast, Havercamp et al. (2021) found no relationship between performance in 
20 m shuttle run and visuo-spatial working memory, verbal working memory, and interference 
control in adolescents57. Positive direction of the relationship between cardiorespiratory fitness 
and executive function is attributed to cardiorespiratory fitness-induced structural changes in 
the brain, such as synaptic plasticity (Chaddock et al., 2011), grey matter development (Cotman 
et al., 2007), white matter integrity (Chaddock-Heyman et al., 2014), activated growth factors 
(Cotman et al., 2007; Hillman et al., 2008), and/or improved cerebral blood flow (Chaddock et 
al., 2012; Tyndall et al., 2018). 
Studies examining the relationship between muscular fitness and executive functions in 
children do not show such a clear pattern. In studies investigating the relationship between 
physical fitness and executive functions, tests assessing muscular fitness parameters usually 
calculate a composite score with a test assessing cardiorespiratory fitness to achieve a proxy 
score for physical fitness (Chu et al., 2019). In these studies, similar correlations are found as 
in aforementioned studies on cardiorespiratory fitness. For example, using a composite score 
consisting of 20 m shuttle run and maximum ball throwing performance, Marchetti et al. (2015) 
found a slight positive relationship between the composite score for physical fitness and 
working memory updating and inhibition in adolescents58. Only a few studies have directly 
measured muscle strength, and they have not shown a consistent pattern linking muscular 
fitness and executive function. Van der Niet et al. (2014) found significant small positive 
associations between performance in sit-up, 10 x 5 m shuttle run, and standing long jump with 
cognitive flexibility but not with problem-solving skills59. Whereas Haverkamp et al. (2021) 
found no correlation between standing long jump/sit up performance and any included 
executive function test60. Weak but positive associations between muscular fitness and 
executive function could be due to strength training-induced increases in insulin-like growth 
factor 1 found in older individuals (Cassilhas et al., 2007). Assuming that this relationship is 
transferable to children and adolescents, increases in neuronal growth could at least partially 
explain positive relations between muscular fitness and executive function. 
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In addition to cardiorespiratory and muscular fitness, fitness tests that include a cognitive 
component were assessed in relation to executive function. Haverkamp et al. (2021) found a 
positive association between 10 × 5 m shuttle run and plate tapping performances with 
visuospatial working memory, information processing and control, and interference control61, 
Van der Niet et al. (2014) found significant small positive associations between 10 x 5 m shuttle 
run performance and cognitive flexibility62, and Marchetti et al. (2015) found a positive 
association between inhibition and performance in pendulum running in high fitness children 
but not in low fitness children63. These positive relationships are attributed to neural network 
activations as a common denominator associated with both motor and executive functions 
(Diamond, 2006; Koziol et al., 2014). 

1.4 Physical education interventions 

In context of some negative secular trends internationally (see Section 1.1.3.1) and nationally 
(see Section 1.1.3.2) and the correlation between physical fitness and adverse health outcomes 
(see Section 1.2), researchers have called for interventions to counter secular trends and 
promote children’s physical fitness and health (Fühner et al., 2020, 2021; Tomkinson et al., 
2020). A common approach is to implement physical fitness interventions in schools, where 
almost all children can be reached64 (Kriemler et al., 2011). In addition, schools provide a 
convenient environment for implementation of physical fitness interventions, as they have 
access to trained instructors and training facilities and equipment. A meta-analysis evaluating 
the impact of qualitative (i.e., incorporating fitness exercises or teaching strategies into existing 
physical education) and quantitative (i.e., increasing the number of physical education lessons 
per week) physical education interventions found that both interventions have a positive impact 
on physical fitness, with quantitative physical education interventions having a greater impact 
on components of physical fitness compared to qualitative interventions (García-Hermoso et 
al., 2020). Since quantitative physical education interventions seem to be effective in 
improving physical fitness, the following sections highlight effects of these interventions on 
components of physical fitness as well as on parameters of body composition and cognition. 

1.4.1 Physical education interventions and physical fitness 

Several studies have investigated effects of additional physical education on physical fitness. 
Ardoy et al. (2011) analysed effects of two hours of standard physical education, four hours of 
standard physical education, and four hours of intensive physical education in 67 Spanish 
adolescents (aged 12-14 years; 35.8% girls) over a 16-week period on different components of 
physical fitness65. They found larger increases in 20 m shuttle run and sit and reach 
performances in both intervention groups compared to a control group, and in 4 x 10 m shuttle 
run performance in the intensive physical education group compared to the control group. No 
differences were found between groups regarding standing long jump performances. A study 
evaluating effects of a comprehensive physical education intervention that involved doubling 
weekly physical education time (i.e., from 90 min/week to 180 min/week) over a three-year 
period in 696 preschool children (aged 6-7 years at baseline)66 found no differences in VO2 
peak between intervention and control groups (Bugge et al., 2012). A similar study involving 
503 first and fifth grade children compared three hours of regular physical education with five 
hours of special physical education over the course of a school year. They found small 
differences in shuttle run performances between intervention and control groups, favouring the 
intervention group67 (Kriemler et al., 2010). Löfgren et al. (2013) investigated daily physical 
education lessons (i.e., 5 x 40 min./week) compared to regular physical education lessons (i.e., 
2 x 30 min./week) in 232 children aged 7 to 9 years at baseline over a 2-year period68. They 
found better knee extension strength at 180° in boys and girls in the intervention group 
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compared to controls, better intervention-related knee flexion strength at 180° in boys only, 
and better vertical jump performance in girls in the intervention group compared to girls in the 
control group. However, in a study with a similar design involving 189 elementary school 
children, girls in the intervention group with daily physical education (i.e., 5 x 45 
minutes/week) were found to have higher push-up and curl-up performances compared to girls 
in the control group with regular physical education (i.e., 1 x 45 minutes/week). No differences 
were found for boys overall or for either gender in shuttle run performance69 (Reed et al., 2013). 

1.4.2 Physical education interventions and weight status 

Several of the aforementioned interventions also included health-related anthropometric 
parameters such as total skinfolds (Ardoy et al., 2011; Bugge et al., 2012; Kriemler et al., 2010), 
percent body fat (Ardoy et al., 2011; Löfgren et al., 2013), other body fat distribution proxies70 
(Ardoy et al., 2011; Bugge et al., 2012; Kriemler et al., 2010; Löfgren et al., 2013; Reed et al., 
2013), and specific cardiovascular disease risk factors71 (Bugge et al., 2012; Kriemler et al., 
2010) as secondary outcomes. While Kriemler et al. (2010) and Reed et al. (2013) found 
evidence of a reduction in body fat distribution in favor of children participating in the 
interventions (i.e., skinfold thickness, BMI), Löfgren et al. (2013) found evidence of an 
intervention-related increase in body fat, with more favorable trends in the control condition72. 
Ardoy et al. (2011) and Bugge et al. (2012) found no evidence of intervention effects with 
respect to body fat distribution. However, with respect to cardiovascular disease risk factors, 
there was evidence of more favorable trends associated with intervention participation (Bugge 
et al., 2012; Kriemler et al., 2010). Another study examined effects of four additional hours of 
physical education on overweight and obesity parameters as primary outcomes in 632 children 
aged 8 to 13 years73. No differences were found in percent body fat and BMI between six 
lessons of physical education and two lessons of physical education. However, a significant 
effect was found on prevalence of overweight and obesity, with children who participated in 
the intervention being at lower risk for overweight and obesity (Klakk et al., 2013). 

1.4.3 Physical education interventions and executive function 

Few studies have examined effects of additional physical education on executive function or 
similar cognitive domains in children and adolescents. Of the aforementioned studies, only 
Reed et al. (2013) included cognitive measures such as puzzle-solving ability and perceptual 
speed74. While no clear intervention-related effects were found for puzzle-solving ability, 
greater improvements in perceptual speed were found for girls in the intervention group 
compared to girls in the control group. Another study examining effects of two weekly 
additional cognitively enhanced tennis lessons compared to one weekly lesson of normal 
physical education on inhibition and working memory in 9 to 10 year old children found 
intervention-related improvements in inhibition, but not memory, and only in overweight 
children75 (Crova et al., 2014). However, several studies examined effects of quality/intensity 
of physical education on executive function in children and adolescents and found ambiguous 
evidence of the relationship between intensity of physical education and cognition. For 
example, a study examining effects of high-intensity interval training on memory, selective 
attention, and concentration in adolescents aged 13.7 ± 1.3 years found that selective attention 
and concentration, but not memory, increased more in the intervention group compared with 
the control groups that received regular physical education76. Conducting additional 
subanalyses, the authors found that these effects were more pronounced in more inactive 
children (Martínez-Lopez et al., 2018). In contrast, a study examining effects of physical 
education combined with either aerobic high-intensity interval training or resistance and 
aerobic high-intensity interval training in adolescents aged 14 to 16 years found no effect of 
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intensive physical education on trail making test performance77 (Costigan et al., 2016). A meta-
analysis examining effects of physical activity on executive functions in children and 
adolescents found an overall improvement with physical activity, regardless of age. Regarding 
study design, they found that curricular exercises and extracurricular programs were effective, 
while physical activity integrated into school curriculums did not significantly improve 
executive functions. They were also able to show that fewer than 5 sessions per week seem to 
be most effective with a session duration of less than 90 minutes (Xue et al., 2019). 

1.4.4 Overall effectiveness of physical education interventions 

In summary, additional physical education can have a positive impact on physical fitness, 
executive functions, and weight status of children and adolescents. However, these advantages 
seem to be mitigated by gender and physical condition of participating children and young 
people, as well as by duration, intensity, and objective of additional physical education. While 
some studies have examined effects of additional physical education in overweight children 
(Crova et al., 2014; Klakk et al., 2013), there are no studies to date that examine effects of 
additional physical education in children with low levels/deficits in physical fitness. Improving 
physical fitness in children with physical fitness deficits is important because these children 
are at higher risk of adverse health effects and might also progress more in physical fitness due 
to their lower baseline levels. Accordingly, further research is needed to investigate effects of 
additional physical education on physical fitness, weight status, and executive functions in 
children with physical fitness deficits. 

1.5 Physical fitness, health, and cognition during the Covid 19 

pandemic 

As this thesis was written in late 2022, it is important to consider the impact of the global Covid 
19 pandemic and its implications for children and adolescents. To prevent spread of Sars-CoV-
2, governments have enacted regulations restricting access to areas of direct human interaction 
such as workplaces, schools and public spaces. Due to geographical location as well as thematic 
setting of the intervention, on which this thesis is focused, measures to contain spread of Sars-
CoV-2 in schools and organised sports are described for the federal state of Brandenburg, 
Germany. From March 18th, 2020 to April 20th, 2020, schools were completely closed (MBJS, 
2020c, 2020a) and slowly reopened, using models where children could attend school two to 
three times per week, following hygiene protocols (e.g., regular testing, social distancing, 
wearing masks) (MBJS, 2020b). From August 9th, 2021 onwards, schools were fully open 
(MBJS, 2021a) and kept open until winter 2021/22, with compulsory school attendance 
removed to allow schools to respond to local infection prevalences (MBJS, 2022a, 2022b). 
Compulsory school attendance was reintroduced from March 7th, 2022 (MBJS, 2022b). During 
reopening of schools from 2020 to 2021, physical education classes were conducted only 
outdoors following social distancing and other hygiene measures (MBJS, 2020a) and from 
August 9th, 2021, physical education classes were conducted without any restrictions (MBJS, 
2021b). A more detailed chronological list of regulations for school operations can be found 
elsewhere78. Organised sports were suspended from March 18th, 2020 to May 15th, 2020 
(MBJS, 2020c, 2020a) and were subsequently only allowed outdoors, in small groups 
following social distancing protocols (MBJS, 2020a). From May 28th, 2020, organised indoor 
activities were allowed following social distancing procedures and a facility-specific hygiene 
concept (MBJS, 2020b). Operation under 2G regulations (i.e., being vaccinated/cured or tested) 
was reintroduced on November 24th, 2021 (MBJS, 2021c). 
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Considering that severity of lockdown measures directly affects children’s physical activity 
(Kharel et al., 2022; Paterson et al., 2021; S. C. E. Schmidt et al., 2020, 2022), the question 
arose how these lockdown measures affected children’s physical fitness. Teich et al. (2023) 
analysed effects of policies described above on secular development of physical fitness in 
107,558 third grade children in the federal state of Brandenburg, Germany, using data from the 
EMOTIKON study (see Section 1.1.3.2). In 87,395 key-age children79 they found a significant 
negative impact of covid pandemic on a composite physical fitness score and on 6 min run, 20 
m sprint, and star run performance. There was a significant positive trend in standing long jump 
performance but no significant effect in ball push test and single leg balance performance. In 
particular, negative impact in running tests resulted in annual development costs/delays of 3.5 
months for 6 min run and star run performance and 2.1 months for 20 m sprint performance. 
The negative trend in composite physical fitness score resulted in an annual development 
cost/delay of 1.4 months, while annual developmental gain in standing long jump performance 
was 1.6 months. Secondary analyses for 22,761 children older than keyage showed negative 
covid pandemic effects on 6 min run, star run, ball push test, and one-leg balance test 
performance, whereas 1,321 children younger than keyage showed no significant covid 
pandemic effects. Similar trends were found in a study assessing the impact of the Covid 
pandemic in Slovenian 6th and 8th grade children80, who showed declines in all tests except 
hand tapping test and found greatest declines in physical fitness index, 600 m run, polygon 
course backwards, bent-arm hang, and 60 m sprint performance. They were also able to show 
that declines were greater for children in rural areas compared to urban children (Pajek, 2022). 
While there are negative trends in physical fitness associated with lockdown measures, these 
measures were put in place to mitigate health risks associated with SARS-CoV-2 infections. 
Because of the novelty of the virus, knowledge of effects of SARS-CoV-2 infection in general 
and in children in particular is still sparse and requires further investigation, especially with 
regard to long-term effects. Acute effects of SARS-CoV-2 infection appear to be less severe in 
children and adolescents aged 0-18 years than in adults (Liguoro et al., 2020; Mehta et al., 
2020), with ~42.5% of children with SARS-CoV-2 infection experiencing mild symptoms and 
39.6% experiencing moderate symptoms. ~2% of children with SARS-CoV-2 infections 
required treatment in a pediatric intensive care unit, and estimated overall mortality rate was 
<.1%81 (Liguoro et al., 2020). However, apart from acute SARS-CoV-2 infections, several 
long-term effects have been observed in children, such as multisystem inflammatory syndrome 
(Brodin, 2022; Molloy et al., 2022; Nygaard et al., 2022) or post-COVID-19 disease. 
Multisystem inflammatory syndrome in children causes fever, hypotension/shock, myocardial 
dysfunction/coronary abnormalities, and elevated inflammatory markers, amongst other 
symptoms, and can occur 1 to 2 months after asymptomatic or paucisymptomatic SARS-CoV-
2 infection (Brodin, 2022; Molloy et al., 2022). Although prevalences of multisystemic 
inflammatory syndrome in children after SARS-CoV2 infection is comparatively low (i.e., 51 
of 175 458 unvaccinated individuals aged 0 to 18 years), prevalences vary by SARS-CoV-2 
variant and underlying mechanisms are not fully understood (Nygaard et al., 2022). The term 
post-COVID-19 condition refers to symptoms lasting several months after an acute infection, 
such as fatigue, shortness of breath, insomnia, difficulty breathing, nasal congestion, difficulty 
concentrating, muscle pain, exercise intolerance, weakness, and walking intolerance 
(Izquierdo-Pujol et al., 2022; Soriano et al., 2022; Zimmermann et al., 2021). Overall 
prevalences in children and adolescents are unclear, and early estimates ranged from 4% to 
66% (Zimmermann et al., 2021) to 1% to 30% (Izquierdo-Pujol et al., 2022), depending on 
included symptoms. These findings gain importance as a recent study found that severity and 
persistence of acute and long-term symptoms increase with the number of SARS-CoV-2 
infections (Bowe et al., 2022). 
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Accordingly, SARS-CoV-2 infections in children pose a significant health risk with as yet 
unknown long-term consequences. Whether these risks outweigh negative effects of 
lockdowns and social distancing measures on for example physical activity and physical fitness 
(Kharel et al., 2022; Pajek, 2022; Paterson et al., 2021; Teich et al., 2023) cannot be 
conclusively assessed. Full opening of schools (MBJS, 2021a), reinstatement of compulsory 
school attendance (MBJS, 2022b), and lack of comprehensive testing in schools from April 
30th, 2022 (MBJS, 2022c) combined with a high prevalence of asymptomatic acute infections 
(Liguoro et al., 2020; Mehta et al., 2020) but potentially serious longterm consequences in 
children (Bowe et al., 2022; Izquierdo-Pujol et al., 2022; Nygaard et al., 2022; Zimmermann 
et al., 2021), however, seem quite concerning. 

1.6 Main hypothesis 

Based on the outlined need for further research to assess effects of physical education on 
physical fitness, weight status, and executive function in children with deficits in their physical 
fitness (see Section 1.4.4), a study (i.e., SMaRTER study) was conducted guided by the 
following primary working hypothesis: 
 

Children with physical fitness deficits show greater improvements in physical fitness 
and cognitive performance following participation in a remedial physical education 
program compared to a control condition. 

 
The SMaRTER study and its sample are described in detail in Chapter 2, and effects of 
additional remedial physical education are analyzed in Chapter 3. Chapter 4 through Chapter 
6 further explore longitudinal data to elucidate interrelation between physical fitness and 
anthropometrict measures (see Chapter 4), growth (see Chapter 5), and executive function (see 
Chapter 6). Specific details for exploratory analyses are described in Section 2.8. 
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2 Study design and methodology 

This chapter provides information on the study design and methodology as well as selected 
group and participant characteristics. 

2.1 Main focus of the SMaRTER study 

The framework for the implementation of remedial physical education was provided by the 
resolution of the German Conference of Ministers of Education and Cultural Affairs on 
principles for the implementation of remedial physical education and for the qualification of 
remedial physical education teachers. According to these principles, remedial physical 
education should (1) focus on pupils with motor and psychosocial deficits, (2) be taught by 
specially trained physical education teachers, (3) aim to restore the physical performance of 
participating children to a level comparable to that of their peers, (4) include children following 
specific pedagogical criteria for sports development, (5) aim to increase overall academic 
learning and performance, and (6) facilitate integration of students into school life (KMK, 
1999). In line with these principles, the University of Potsdam, in cooperation with the Ministry 
of Education, Youth and Sports of the federal state of Brandenburg and the AOK Nordost, 
conducted the SMaRTER Study (“Überprüfung der Effekte von Sportförderunterricht auf die 
motorische und kognitive Entwicklung von Grundschulkindern im Land Brandenburg”). The 
aim of this study was twofold: 
1. Development of a curriculum for remedial physical education for primary school 
children in the federal state of Brandenburg according to training science principles 
with a focus on third and fourth grade children with deficits in physical fitness. 

2.  Analysis of the short-, mid-, and long-term intervention effects of a remedial physical 
education intervention in third grade children with deficits in their physical fitness. 

2.2 SMaRTER study design 

The remedial physical education intervention of the SMaRTER study started in the second 
semester of third grade of the 2018/19 school year and was conducted using a cluster-
randomised controlled design. Accordingly, participating schools were randomly assigned 
either the intervention first and then control condition (i.e., INT-CON) or the control condition 
first and then intervention (i.e., CON-INT). During both intervention periods, the assessments 
were administered before and after each intervention/control, that is, at the beginning and end 
of the second semester of grade three (i.e., t0: February 2019 & t1: June 2019) and at the 
beginning and end of the first semester of grade four (i.e., t2: August 2019 & t3: January 2020). 
Due to primary schools encompassing grades 1 to 6 in the state of Brandenburg, mid- and long-
term intervention effects were examined at the beginning and end of the second semester of 
fourth grade (i.e., t4: February 2020 & t5: June 2020) and at the beginning and end of fifth 
grade (i.e., t6: August 2020 & t7: June 2021) and sixth grade (i.e., t8: August 2021 & t9: June 
2022). The study design is shown in Figure 2.1. 
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Figure 2. 1: SMaRTER study design; INT = intervention; CON = control 

Due to the Covid 19 pandemic, however, the originally planned measurements of the mid- and 
long-term effects could not be realised. Measures to reduce infections (e.g., school closures, 
classes with/without restricted attendance and regulation of external visitors to the school, see 
Section 1.5) did not allow assessments t4, t5, and t7 (indicated in red in Figure 2.1). The 
examinations during the Covid 19 pandemic were carried out in direct consultation with the 
Ministry of Education, Youth and Sports Brandenburg, taking into account the additional 
workload of the teachers and schools involved and in compliance with all regulations of the 
SARS-CoV-2 Containment Regulations at the respective time of examination (e.g., rigorous 
SARS-CoV-2-testing of assessors, 2 m distance, and obligation to wear a mask). Furthermore, 
due to the changed framework conditions, a renewed consent of the legal guardians was 
obtained. 
 

2.2.1 Remedial physical education intervention 

The developed and implemented remedial physical education intervention can be found 
elsewhere82. It included a comprehensive set of exercises to improve physical fitness during a 
14-week period with 45 minutes of remedial physical education twice a week. Each session 
included a warm-up, a main part and a cool-down with different emphases. In each session, all 
exercises were selected and organised with the main objective of promoting physical activity 
and fitness, embedded in a comprehensive pedagogical context that focused on interactions 
between children and reflection on their actions and accomplishments. In addition, each session 
was supplemented by homework assignments created in cooperation with “Henrietta’s Moving 
School”83 program of the AOK Nordost. Homework included exercises covering coordination, 
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muscular strength, and muscular endurance. Table 2.1 shows the focus of the 2 x 45 minutes 
of remedial physical education per week as well as supplementary homework assignments84. 
All sessions were conducted by certified remedial physical education teachers (MBJS, 2011). 
Table 2. 1: Remedial physical education intervention curriculum 

week focus homework 
1 getting to know each other 

through group games 
dancing hands (coordination) & clapping with push-
ups (strength) 

2 perception of space and 
reaction to acoustic 
signals 

laying 8 (coordination) & one-leg stand (coordination) 

3 balance exercises tightrope walk backwards (coordination) & tightrope 
walk with raised knees (coordination) 

4 fitness exercises planche (strength) & lunges (strength) 
5 running, jumping, and 

throwing exercises 
mountain climbing (endurance) & ball throwing 
(coordination) 

6 running, jumping, and 
throwing exercises 

rope skipping (coordination) & side planche 
(coordination) 

7 individual and partner 
coordination exercises 

our-field jumping (coordination) & alternating jumps 
(coordination) 

8 creative rhythm exercises one-leg stand (coordination) & clapping solo 
(coordination) 

9 ball games ball transport (coordination) & ball transport on the 
back (coordination) 

10 fitness exercises side crunches (strength) & squats (strength) 
11 wrestling & brawling 

exercises 
boxing (endurance) & random previous homework 
exercise 

12 fitness exercises earlobes (coordination) & jumping jacks (endurance) 
13 exercises games mountain jumping (endurance) & bending and 

stretching (strength) 
14 fitness exercises squat jumps (strength) & least successful previous 

homework exercise 

 

2.3 Inclusion criteria 

Following the principles for remedial physical education (KMK, 1999), only schools that 
employ certified remedial physical education teachers could be included85 (MBJS, 2011). 
These schools were screened for children with deficits in their physical fitness to include in the 
study. A physical fitness deficit was identified using data from the EMOTIKON study86 
collected in the 2018/19 school year. 
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Using the six physical fitness tests from the EMOTIKON study, a physical fitness deficit was 
defined as: 

(1) Performance in the first performance quintile (lowest 20%) in four of the six tests; 
or 
(2) a quintile average across the performance quintiles of all six tests of ≤ 1.5 (lowest 
30%). 

If the data for the children was incomplete or unavailable, their teachers were consulted and a 
mutual decision on inclusion into the study was made. In addition to the inclusion of children 
with physical fitness deficits and in accordance with the principles for curative physical 
education (KMK, 1999), schools were given the opportunity to include children with 
psychosocial deficits or overweight. Children with severe physical and psychosocial disorders 
(e.g., physical disability, autism spectrum, bipolar disorder) were not included in the study, but 
were welcome to participate in remedial physical education intervention. Random allocation 
into INT-CON and CON-INT conditions occurred at school level (i.e., cluster randomisation) 
and was concealed. Participating children and remedial physical education teachers were aware 
of their assignment to the INT-CON and CON-INT condition due to the nature of the 
intervention. Assessors were aware which schools were assigned to the INT-CON and CON-
INT conditions due to the design and organisation of the SMaRTER study. Written consent to 
participate in the SMaRTER study was obtained twice from the children’s legal guardians87, in 
accordance with the current Declaration of Helsinki. 

2.4 Included assessments 

Data on anthropometric measures, physical fitness, executive function, physical activity, and 
socioemotional well-being were collected at each assessment. The socioeconomic data of the 
children’s guardians were only measured at the first and last (i.e., t0 and t9) assessments. 

2.4.1 Anthropometric measures 

Anthropometric measurements included standing and sitting height as well as body 
composition parameters. Standing and sitting height were measured with a stadiometer (seca 
213, seca Gmbh, Hamburg, Germany) according to a standardised protocol. Body mass and 
body composition parameters (e.g., body fat percentage, muscle mass, and lean mass) were 
determined using a bioimpedance analysis system (InBody 720, BioSpace, Seoul, Korea). 
Based on these assessments and the age of the participants, the maturity offset according to 
Mirwald et al. (2002) and Moore et al. (2015) as well as the body mass index (BMI) were 
calculated. Formulas are provided in the Appendix (see Appendix Section 8.1.2 and Section 
8.1.3). 

2.4.2 Physical fitness 

Physical fitness was assessed with the EMOTIKON test battery consisting of standing long 
jump, 20 m sprint, 6 min run, star run, ball push test, and one leg balance. In addition, hand 
grip strength as well as balance and gait parameters were tested in combination with a dual 
task. 
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2.4.2.1 EMOTIKON test 

Standing long jump 
Standing long jump was conducted to assess the muscular power of the lower limbs. Children 
had to jump as far as possible from the frontal stance and land with both feet together without 
any steps or arms touching the ground. Arm swings were allowed. The performance was scored 
using a tape measure as the distance in meters to the nearest centimeter. Two trials were 
performed, of which the better one was included in the analysis (Fühner et al., 2021, 2022; 
Golle, 2015; Golle et al., 2015). The standing long jump shows reliable intraclass correlation 
coefficients in children aged 5-12 years (ICC = .88 [95% CI .84 - .91] to .94 [95% CI .93 - 
.95]) (Fernandez-Santos et al., 2015; Fjørtoft et al., 2011) and is strongly associated with other 
jump tests such as the squat jump, the countermovement jump, and the Abalakov jump test (r 
= .73 - .78) (Fernandez-Santos et al., 2015). 
20 m sprint 
To assess linear sprint speed, a 20 m sprint was performed. The children had to sprint a distance 
of 20 m as fast as possible from an upright position in response to an acoustic signal. The 
performance was assessed as time to completion, accurate to 1/10 of a second, and was 
measured with a stopwatch. The best time from two trials was used in this analysis (Fühner et 
al., 2021, 2022; Golle, 2015). Test-retest analyses show high reliability for the 20m sprint in 
children aged 6 - 18 years (r = .71 - .9) (Bös et al., 2009; Fjørtoft et al., 2011). 
6 min run 
A 6 min run was performed to assess cardiorespiratory fitness. The test was conducted on a 54 
m track (around a volleyball court: 18 m * 9 m) and children had to run as far as possible at a 
self-determined speed within 6 minutes. Performance was assessed as the maximum distance 
covered to the nearest 9 m (Fühner et al., 2021, 2022; Golle, 2015). This test shows high test-
retest reliability in children aged 5 to 18 years (r = .72 - . 92) (Bös et al., 2009; Fjørtoft et al., 
2011; Lawrenz & Stemper, 2012) and correlates moderately with other established proxies of 
cardiorespiratory fitness such as VO2max88 (r = .46 - .69) and the shuttle run89 (r = .74 - .83) 
(Faude et al., 2004; Haaren et al., 2011; Lawrenz & Stemper, 2012). 

Star run 
The star run assessed children’s coordination under time pressure. In this test, children had to 
run from a central position in a star-shaped area on a 9 x 9 m field, using different running 
styles (i.e., forward, backward, and lateral steps) according to a given protocol (see Figure 2.2). 
The center and the different spikes of the star were marked by pylons which had to be touched 
with the hand. The total distance to be covered was 50.912 m and had to be completed as 
quickly as possible. The performance was evaluated as the fastest time to the nearest 1/10 s 
from two test trials (Fühner et al., 2021, 2022; Golle, 2015; Golle et al., 2015). The star run is 
reliable (test-retest) in children aged 8 - 10 years (ICC = .68 [95% CI .53 - .79]) (Schulz, 2013). 
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Figure 2. 2: Star run set up and protocol (adapted from Golle, 2015, p. 61) 

Ball push test 
A ball push test was performed to assess the muscular power of the upper limbs. Children had 
to push a 1 kg medicine ball in front of their chest with both hands from a standing position as 
far as possible. The performance was evaluated as the best of two maximum ball-pushing 
distances to the nearest ten centimeters (Fühner et al., 2021, 2022; Golle, 2015). Test-retest 
analysis showed the ball push test to be reliable in children aged 8 to 10 years (ICC = .81 [95% 
CI .71 - .87]) (Schulz, 2013). 
One leg balance 
The one leg balance test assessed static balance. Children were instructed to stand on their 
preferred leg for 60 seconds with their hands on their hips, eyes closed, and the other leg lifted 
forward at a hip angle of 60-90°. This position had to be held after an acoustic signal without 
releasing the hands from the hips, touching the lifted leg with the supporting leg or the floor, 
or bouncing/tapping the supporting leg. Performance was assessed by the time spent in the 
position to the nearest 1/10th of a second. If the child achieved a time < 5 seconds, a second 
attempt was allowed (Bormann, 2016; Granacher & Golle, 2016). Test-retest analyses showed 
that this test is reliable in children aged 7 - 10 years (ICC = .69 [95% CI .61 - .75]) (Bormann, 
2016). 

2.4.2.2 Additional fitness tests 

Hand grip strength 
Isometric handgrip strength was used to assess upper limb muscle strength and measured using 
a digital hand dynamometer (JAMAR® Plus+, Sammons Preston, Bolingbrook, IL, USA) on 
the dominant hand only. Children were in a seated position with the elbow of the dominant 
hand flexed at 90° to the side of the body and were instructed to squeeze as hard as they could 
for three seconds (Wind et al., 2010). High test-retest reliability was found in children and 
adolescents (ICC = .94 and .98, respectively) (Gerodimos, 2012). 
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Gait test 
The gait test assessed postural balance in combination with a cognitive interference task. Gait 
parameters were measured on a 10 m instrumented walkway equipped with an OptoGait 
optoelectronic system (Microgait, Bolzano, Italy). In order to avoid speed changes at beginning 
and end of the walkway, two additional meters were added at the beginning and end of the 
walkway. In total, one test run and two trial runs were performed for both the single task (gait 
only) and the double task (gait and inference task). The gait parameters for each condition were 
averaged over the two test runs. The inference task consisted of counting backwards from a 
random number between 60 and 100 in steps of three. A new number was given for each test 
run and the number of calculations and errors were documented (Beurskens et al., 2015). If the 
child could not perform the calculation in this test, successively simplified versions were 
implemented until the child could perform the calculations. Simplifications consisted of 
lowering the starting number to a random number between 10 and 20 and if necessary further 
counting backwards in steps of one. 

Balance test 
The balance test assessed static balance in combination with a cognitive inference task. The 
balance test was performed on a force plate (Leonardo, Kistler, AMTI) to determine parameters 
of the center of pressure. Children had to balance on one leg with eyes open, with the raised 
leg bent at the knee at ~ 60° for 30 s (Figura et al., 1991). Similar to the EMOTIKON one leg 
balance test, the criteria for a failed attempt were release of the hands from the hips, contact of 
the raised leg with the supporting leg or the floor, and bouncing/tapping of the supporting leg. 
The same arithmetic interference task as for the gait test was utilised and one test and one trial 
run each with single and dual task conditions were performed. 

2.4.3 Executive function 

The children’s executive functions were assessed using the digit symbol substitution test, the 
trail making test, and the Simon task. 

Digit symbol substitution test 
The digit symbol substitution test was administered to assess attention and psychomotor 
processing speed. The children were presented with numbers from 1 to 9, with a symbol 
assigned to each number (see Figure 2.3). During the test, the children had 90 seconds to 
correctly assign the symbols to as many consecutive numbers as possible (Petermann & 
Petermann, 2011). The test was administered in a pen and paper version and performance was 
scored as the number of symbols correctly assigned in 90 seconds.  

 
Figure 2. 3: Substituted symbols to the numbers 1 to 9 in the digit symbol substitution test (adapted 
from Health ABC, 2005, p. 9) 

Trail making test 
The trail making test was used to assess mental flexibility and fine motor abilities, and 
consisted of two parts (i.e., version A and version B). In version A, children had to connect the 
numbers from 1 to 15 in ascending order as quickly as possible and without lifting the pencil. 
In version B, they had to connect the numbers from 1 to 8 and the letters from A to G in 
alternating ascending order, starting from 1, as quickly as possible without lifting the pencil 
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(R. Reitan, 2004; Reitan, 1971; Reitan & Wolfson, 1995). Both versions were implemented in 
pen and paper and performance was evaluated as time to completion and number of errors. 

Simon task 
The Simon task was implemented to assess inhibitory control of executive functions (Simon & 
Rudell, 1967). The implemented version of the Simon task was modeled after the “Simon 
paradigm” by von Bastian et al. (2016). Their code90 is available online and served as the 
source, which was converted into an app for the IPad. In this test, children were presented with 
stimuli (i.e., coloured circles) that varied according to their position on the screen (i.e., left or 
right) and colour (i.e., red or blue). The colour of the stimuli had to be identified as quickly as 
possible using fixed buttons at the bottom of the screen. Accordingly, the correct response 
button and the stimulus position could be congruent (i.e., stimulus on the same side as the 
correct answer button) or incongruent (i.e., stimulus on opposite side as the correct answer 
button; see examples in Figure 2.4). Six test runs were conducted, followed by three blocks of 
20 stimuli as trial runs. Of note, to ensure a balanced test design, 30 test runs each were coded 
as congruent and incongruent and randomised in order to create a fixed protocol. This protocol 
was implemented on each trial, meaning that each child performed the same order of trials on 
each trial. Since the number of stimuli for side and colour was not set at 30 each, their 
distribution was slightly skewed towards blue stimuli (i.e., 32 blue and 28 red) and more 
severely skewed towards stimuli on the left side (i.e., 40 left and 20 right). Performance was 
evaluated as the mean reaction time for each trial averaged for the congruent and incongruent 
condition. The test was conducted with an IPad 6 (OSX 15.2.1, Apple Inc., Cupertino (CA), 
USA). The Simon effect can already be observed in children as young as 4 years old (Davidson 
et al., 2006) and is a reliable measure of inhibition in young adults (split-half reliability == .8) 
(Bastian et al., 2016). 

 

 
Figure 2. 4: Examplatory Simon task trials in congruent (left) and incongruent (right) condition 

2.4.4 Physical activity 

Physical activity was recorded with a pedometer and a physical activity questionnaire. The 
pedometer (Speedy, Kasper & Richter GmbH, Uttenreuth, Germany) utilised a three-
dimensional motion sensor to count the number of daily steps. Pedometers were worn for seven 
days after each examination and children were instructed to wear them at all times. Their 
displays were covered to avoid interference between the number of steps displayed and the 
children’s behaviour. Pedometers have been shown to be a reliable assessment of physical 
fitness with high compliance in children (Clemes & Biddle, 2013). The physical activity 
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questionnaire used was the “MoMo Activity Questionnaire” for children and adolescents. The 
questionnaire focuses on time spent in organised physical activity in schools, clubs, and outside 
clubs, as well as in daily life, and converts this information into gaily minutes spent on MVPA. 
It is a reliable tool for assessing physical activity in children (Bös et al., 2009; Jekauc et al., 
2013; S. Schmidt et al., 2016). 

2.4.5 Socioemotional well-being 

Socioemotional well-being was assessed using the KidKindl questionnaire for children aged 7 
to 13 (Ravens-Sieberer et al., 2007). The questionnaire assesses the child’s subjective well-
being in relation to body, psyche, self-esteem, family, friends, and school with four questions 
each and answers on a scale from 0 (never) to 4 (always). The questionnaire has proven to be 
a reliable assessment of socioemotional well-being, with slightly higher scores for the version 
with a legal guardian (Ellert et al., 2011; Erhart et al., 2009). The questionnaire was completed 
by the children themselves and one of their legal guardians. 

2.4.6 Socioeconomic status 

Socioeconomic status was determined using the KiGGS questionnaire, which focused on the 
guardians’ schooling, professional qualifications, occupational status, employment, and 
income (Lampert et al., 2014). The questionnaire was filled out by all available guardians and 
answering the questionnaire was voluntary. 

2.5 Descriptive group and study characteristics 

A total of 76 3rd grade students from eleven different primary schools in 9 different districts 
of the federal state of Brandenburg participated in the SMaRTER study. Six schools (44 
children; 18 girls and 26 boys) were randomly assigned to the INT-CON group and 5 schools 
(32 children; 17 girls and 15 boys) to the CON-INT group. The number of children enrolled in 
each school ranged from 4 to 11, with a median of 6. The mean age at baseline was 9.2 ± 0.5 
years and mean maturity offset was -2.9 ± 0.8 years according to Mirwald et al. (2002) and -
2.9 ± 0.6 years according to Moore et al. (2015). The group- and gender-specific baseline-
characteristics are reported in Table 2.2 and depicted in Figure 2.5. 
Table 2. 2: Baseline characteristics presented for group and gender 

 INT-CON CON-INT 
 girls boys girls boys 
n 18 26 17 15 
age (years) 9.1±0.7 9.3±0.5 9±0.4 9.1±0.5 
maturity offset (years) -2.5±0.6 -3.2±0.5 -2.2±0.8 -3.5±0.5 
body mass (kg) 30.1±7.8 41.1±13.4 36.2±12.6 35.9±11.9 
body height (cm) 133.9±6.5 141.3±6.1 139±9.9 139.3±7.5 
BMI (kg/m²) 16.6±3 20.4±5.5 18.3±4.1 18.3±5.3 
Participants baseline characteristics; n = number of included children; INT = 
intervention; CON = control condition; BMI = body mass index 
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Figure 2. 5: Boxplots of anthropometric baseline characteristics depicted for group and gender; CON 
= control condition; INT = intervention; BMI = body mass index 

2.5.1 Maturity offset 

Although the participating children had similar ages at baseline, the maturity offset differed 
especially between girls and boys. Centering the baseline age and maturity offset at 0 according 
to the group mean showed almost all girls to have a higher maturity offset compared to their 
age, while the boys’ maturity offset was lower, with only minor differences between the 
different formulas. This is illustrated in Figure 2.6. 
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Figure 2. 6: Difference between age and maturity offsets according to Mirwald (Mirwald et al., 2002) 
and Moore (Moore et al., 2015) in boys and girls, both centered at 0 

2.5.2 Socioeconomic information 

The socioeconomic data of the guardians were only collected at the beginning of the study, as 
the last assessment could not be completed (see Figure 2.1). 117 guardians provided a total of 
socioeconomic information corresponding to 68 children. For 19 children, one guardian’s 
information and for 49 children, two guardians’ information was provided. As socioeconomic 
data was not consistently available for all children and is likely to be biased is it was requested 
and provided on a voluntary basis (Goyder et al., 2002), socioeconomic information is only 
reported as a sample descriptor but not further included in the analyses. 
61 guardians were female, 54 male (2 missing), the average age was 40 ± 7 years (10 missings), 
112 reported being German, and one each was Italian, Afghan, and Serbian (2 missings). In 17 
guardians the highest school degree was “Hauptschulabschluss”, in 31 “Realschulabschluss”, 
in eight “Abschluss der polytechnischen Oberschule”, in 17 “Fachhochschulreife”, in 34 
“Hochschulreife/Abitur”, in one “erweiterter Hauptschulabschluss”, and two did not graduate 
from any school (8 missings). 53 guardians did full-time paid labour (42 ± 8.6 hours/week), 36 
did part-time paid labour (29 ± 6 hours/week), and 12 were unemployed. The remaining 
guardians were in training (1), in a mini-job or occasionally employed (5), or on parental leave 
(1) (8 missings). Regarding working hours per week, one guardian reported 168 working 
hours/week, noting that their unpaid care work was equivalent to a 24/7 working week. The 
information on income was provided by the legal guardians of 46 participating children. The 
average household income91 was 3,338.84 ± 1,444.97 € and was earned on average by two 
individuals per household (range 1 to 4) with an average income92 of 1,819.49 ± 677.78 € (2 
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missings). This resulted in an average household income per capita of 855.31 ± 438.68 € in the 
study sample. The distribution of household income and household income per capita within 
the study sample is shown using a Lorenz curve93 in Figure 2.7. Furthermore, the Gini index 
was calculated for the sample according to the formula of the World Bank (Bank, 2023a). The 
Gini index provides information on the equality of income distribution within a group94 and 
was calculated for household income (Gini index = 24.32) and household income per capita 
(Gini index = 27.51). Using country-specific reference values, Gini indices of 50 to 70 indicate 
very unequal income distribution, while countries with a Gini index of 20 to 35 indicate 
relatively equal distribution (Willis, 2020). 
 

 
Figure 2. 7: Distribution of household income and income per capita illustrated using Lorenz curve 
plots 

The Gini indices and Lorenz curves of the sample indicate that household income and income 
per capita are relatively evenly distributed within the sample. However, in 2019, the average 
annual household income in the federal state of Brandenburg was €60,366 and the average 
income per capita was €23,984 (Amt für Statistik, 2021). This results in an average monthly 
household income of €5,030.50 and an income per capita of €1,998.6795. Compared to the 
included sample, only 6 of the 46 households had above average household income and only 
one child had values above the average income per capita. To illustrate the discrepancy, a 
Lorenz curve was plotted with an adjusted 45° line for the average income in Figure 2.8. 



 43 

 
Figure 2. 8: Distribution of household income and income per capita illustrated using Lorenz curve 
plots with adjusted 45° line for the average household income income and income per capita of the 
federal state of Brandenburg in 2019 

2.6 Study dropout 

Continuous drop-out from the SMaRTER study is shown in Figure 2.9. Reasons given for 
dropping out between t0 and t3 were changing schools (4 children) and the increased time 
required for the additional remedial physical education classes of the SMaRTER study (6 
children). Students who dropped out between t6 (16 students) and t8 (13 students) withdrew 
(or no longer gave consent to participate in the study) due to additional workload and/or 
increased risk of SARS-CoV-2 infections due to the Covid 19 pandemic. 
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Figure 2. 9: Depictions of dropouts across all assessments A Dropout in relation to schools; B Dropout 
in relation gender per intervention group; N = number of participants left in sample; INT-CON = 
intervention control; CON-INT = control intervention 

2.7 Anthropometric group differences 

Before analysing intervention effects in physical fitness or executive function, possible group 
and gender differences were analysed for the variables age, maturity offset (according to 
Mirwald et al. (2002)) and the anthropometric measures body height, body mass, and BMI 
(presented in Figure 2.10). 
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Figure 2. 10: Group and gender differences over time for age, maturity offset (Mirwald), body height, 
body mass, and body mass index (BMI) 

Since the different displayed values are highly interdependent, meaning partly computed from 
each other, the differences between the genders and groups were investigated for the BMI only 
using LMMs. 
The LMMs were adjusted with BMI as the dependent variable and the interaction of Group x 
Gender x Time as fixed factors. Child and School were included as random factors. Successive 
difference contrasts were set for the variables Group, Gender, and Time. 
LMM revealed that (1) the BMI of boys in the INT-CON group is higher compared to boys in 
the CONINT group, while the reverse is true for girls, and (2) the BMI of girls in the CON-
INT group shows a greater improvement between t2 and t3 and between t6 and t8 compared to 
girls in the INT-CON group, while the reverse is true for boys between t6 and t8. The results 
are shown in Table 2.3 and depicted in Figure 2.10. Accordingly, the BMI is included in the 
models to evaluate the intervention effects. Missing values are replaced by earlier available 
values. Due to dropouts, the Group x Gender x Time interactions for BMI were additionally 
tested using LMMs for all children who were present at t1 and t3. Results of these LMMs are 
reported in the Appendix Section 8.2.1 and show the same pattern. 
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Table 2. 3: Group x gender x Time interactions for body mass index across all assessments 

Predictors Est. SE z p 
Grand mean 19.26 0.83 23.30 <0.001 
Group2-1 0.35 1.65 0.21 0.832 
gender2-1 -2.12 1.05 -2.01 0.045 
Time2-1 0.17 0.14 1.17 0.243 
Time3-2 0.31 0.15 2.09 0.038 
Time4-3 0.43 0.16 2.71 0.007 
Time5-4 0.53 0.18 2.91 0.004 
Time6-5 0.86 0.20 4.33 <0.001 
Group2-1 * gender2-1 -4.77 2.11 -2.26 0.024 
Group2-1 * Time2-1 0.03 0.29 0.09 0.924 
Group2-1 * Time3-2 -0.44 0.30 -1.47 0.143 
Group2-1 * Time4-3 -0.17 0.32 -0.54 0.588 
Group2-1 * Time5-4 0.47 0.36 1.30 0.196 
Group2-1 * Time6-5 -0.45 0.40 -1.15 0.251 
gender2-1 * Time2-1 0.24 0.29 0.83 0.409 
gender2-1 * Time3-2 0.08 0.30 0.26 0.791 
gender2-1 * Time4-3 0.17 0.32 0.54 0.591 
gender2-1 * Time5-4 0.03 0.36 0.07 0.941 
gender2-1 * Time6-5 -0.04 0.40 -0.10 0.924 
Group2-1 * gender2-1 * Time2-1 0.10 0.58 0.18 0.857 
Group2-1 * gender2-1 * Time3-2 0.16 0.60 0.27 0.786 
Group2-1 * gender2-1 * Time4-3 -1.49 0.64 -2.33 0.021 
Group2-1 * gender2-1 * Time5-4 0.57 0.73 0.79 0.429 
Group2-1 * gender2-1 * Time6-5 -2.31 0.79 -2.91 0.004 
Random Effects     
σ2 0.70    
τ00Child 17.68    
τ00school 4.63    
ICC 0.97    
N Child 76    
N school 11    
Observations 348    
Marginal R2 / Conditional R2 0.133 / 0.974  

Est. = estimate; SE = standar error 
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2.8 Analysis plan 

The first analysis focuses on the effects of remedial physical education on physical fitness and 
executive function and is reported in Chapter 3. 
Although various assessments of physical fitness were available for the analysis, this thesis 
focuses on the EMOTIKON tests as the main outcome. Focusing on EMOTIKON tests allowed 
for a standardisation of data using the population mean and standard deviation previously 
published (Fühner et al., 2021, 2022). In addition, based on the findings of Fühner et al. (Fühner 
et al., 2021, 2022), physical fitness is understood as a latent construct, represented by the four 
EMOTIKON tests: standing long jump, 20 m sprint, 6 min run and star run. Additionally, 
executive function as a secondary outcome is included in the analysis, consisting of the trail 
making test (i.e., time to completion for version A and B) (R. Reitan, 2004; Reitan, 1971; 
Reitan & Wolfson, 1995), the digit symbol substitution test (Petermann & Petermann, 2011), 
and the Simon task (i.e., mean reaction time in the congruent and incongruent condition) 
(Simon & Rudell, 1967). Of note, other physical fitness assessments (i.e., hand grip strength, 
gait test, and balance test), as well as physical activity and socio-emotional well-being were 
assessed for potential intervention related effects, but are not included in this report. Significant 
intervention-related effects will be included in the following analyses. 
The second analysis explores the relationship between anthropometric parameters and physical 
fitness and is conducted in Chapter 4. Due to internal calculations, the anthropometric 
parameters estimated with InBody showed unexpectedly high correlations between body mass 
and other measures such as fat mass (r = .95), muscle mass (r = .92) and the sum value of 
muscle and fat mass (r = 1; see Appendix Section 8.4.1), indicating that the values are estimated 
applying a linear transformation model undisclosed by the manufacturer. Therefore, only body 
height and mass were analysed in relation to physical fitness. In addition to the physical fitness 
tests included in the first analysis, this analysis further included ball push test. This test was 
included based on the assumption that a higher body mass might be beneficial for test 
performances, thus revealing a potential positive relationship compared to the other tests, 
where a higher body mass is expected to be detrimental to test performances (see Section 1.2 
for details). 
The third analysis is focused on the relationship between maturity offset and physical fitness 
and is conducted in Chapter 5. The main goal is to analyse the effect of the maturity offset in 
relation to age on physical fitness. This is tested for the maturity offset according to Mirwald 
et al. (2002) as well as Moore et al. (2015). Physical fitness follows the same conceptualisation 
the intervention analysis in Chapter 3. 
The fourth analysis examines the interaction between physical fitness and executive function 
(Chapter 6). Due to the availability of raw data from the Simon task, there was a unique 
opportunity to evaluate a high number of data points (i.e., 60 trials per child per evaluation), 
which are not available for digit symbol substitution and trail making test (i.e., 1 or 2 data 
points per child per evaluation). This allowed for a sensitive analysis of physical fitness 
parameters as variance components of an executive function task. Accordingly, executive 
function was defined as reaction times of each Simon task trial. Effects of physical fitness on 
executive function were assessed for all EMOTIKON tests to allow for a more distinct 
understanding of how different aspects of physical fitness might be associated with executive 
function. 
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2.9 Statistical information 

Data preprocessing and analyses in Chapter 3, Chapter 4, and Chapter 5 was done with R [4.2.1; 
(R Core Team, 2022)]. Chapter 6 additionally used Julia [1.8.2, (Bezanson et al., 2017)]. 
Utilised package for preprocessing in R was the ‘tidyverse’ package (Wickham et al., 2019). 
Liner mixed models (LMM) estimation, supplementation, and post-processing in R was done 
using the ‘lme4’ package (D. Bates et al., 2015), the ‘MASS’ package (Venables & Ripley, 
2002), the ‘remef’ package (Hohenstein & Kliegl, 2022), the ‘sjPlot’ package (Lüdecke, 2021), 
and the ‘performance’ package (Lüdecke et al., 2021). In Julia LMMs were estimated with the 
‘MixedModels.jl’ package (D. Bates et al., 2023), and the ‘MixedModelsExtras.jl’ package 
(Alday, 2022) was used for data analysis and post-processing of LMMs. Plotting of data was 
done in R using the ‘ggplot2’ package (Wickham, 2016), the ‘gridExtra’ package (Auguie, 
2017), and the ‘car’ package (Fox & Weisberg, 2019). Further, tabular presentation of data was 
done using the ‘flextable’ package (Gohel & Skintzos, 2022) and the ‘officer’ package (Gohel, 
2022) in R. 
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3 Analyses of intervention effects  

3.1 Introduction 

This chapters main concern is the analysis of the effects of the 14 week intervention of 2 x 45 
minutes of remedial physical education implemented in the SMaRTER study described in 
Chapter 2. Improvements of physical fitness and executive function were expected for children 
who participated in the additional physical fitness compared to a passive control group. 

3.2 Statistical analysis 

The SMaRTER study implemented a cross-over design with control and intervention groups 
and pretest and multiple posttest assessments (see Section 2.2). The critical statistic concerns 
is a Group x Time interaction, with the expectation that children who participate in the 
additional remedial physical fitness interventions show larger physical fitness and executive 
function improvements from pre to posttest assessments compared to children of the control 
group. 
The cross-over design was primarily adopted to also enable control children to benefit from 
possible intervention advantages in a time-delayed manner. The design also allowed for a 
second test of the primary research hypothesis. If there was an intervention benefit in the first 
period, it is expected that children in the control group will catch up. Of course, other outcomes 
are possible depending on whether the group doing the first intervention maintains or increases 
intervention benefits. 
The study also allowed for an evaluation of long-term benefits of the intervention plan. There 
were additional tests at the beginning of fifth and sixth grade (see Figure 2.1). Due to dropouts, 
the number of children decreased from the first posttest to the second posttest to long-term 
follow-up tests (see Figure 2.9). To keep statistical power as large as possible, we tested these 
hypotheses with three separate linear mixed models (LMMs): 
1. Intervention model 1 (INT M1): first intervention period only 
2. Intervention model 2 (INT M2): pooled intervention periods for both groups96 
3. Intervention model 3 (INT M3): middle and long term intervention-related effects 

Specifically, we excluded dropout children for each model (i.e., INT M1 = t0 - t1, INT M2 = 
t0 - t3, INT M3 = t0 - t8; see Figure 3.1). 
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Figure 3. 1: Dropout with depiction of included children in different intervention models; N = number 
of assessed participants; INT M1 = Intervention model 1; INT M2 = Intervention model 2; INT M3 = 
Intervention model 3 

For each of the three intervention models, main effects of Group and Time, as well as their 
interaction were examined with two separate LMMs, one for four tests of physical fitness (i.e., 
standing long jump, 20 m sprint, 6 min run, and star run) and one for five tests of executive 
function (i.e., trail making test version A, trail making test version B, digit symbol substitution 
test, Simon task congruent condition, & Simon task incongruent condition). Components of 
physical fitness and executive function included in both LMMS were z-transformed (see 
Appendix Section 8.1.4, and Section 8.1.5) and set as factor levels of Test in each LMM. 
Age (centered at 9.3 years), gender, and body mass index (BMI; centered at 17.9 kg/m2 for 
girls and 19.8 kg/m2 for boys; see Section 2.7), as well as proximity to Berlin (R. Kliegl & 
Teich, 2022) were added as fixed effect control covariates. Significance of covariates was 
tested using log likelihood ratio tests (LRT) that compared LMMs with and without covariates. 
All covariates that did not significantly improve LMMs fit were removed from the LMM. 
Child was specified as a random factor. Thus, LMMs take into account individual differences 
between children. Successive difference contrasts were set for the variables Test, Time, Group, 
Gender, and Berlin Proximity. 
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3.3 Intervention model 1: First intervention period 

3.3.1 Physical fitness 

3.3.1.1 Model fitting 

Model selection is documented in the Appendix Section 8.3.1.1. For the analysis of intervention 
effects on physical fitness, Group and Time were included in the fixed factor structure nested 
within physical fitness Test. In addition, BMI was also included in the nested structure. 

3.3.1.2 Results 

The LMM revealed significant Time-related improvements for star run (β = .31; SE = .1; z = 
3.13; p = .002). In addition, effects of BMI were significant for 6 min run (β = -.09; SE = .02; 
z = -5.27; p < .001), 20 m sprint (β = -.06; SE = .02; z = -3.31; p = .001), and standing long 
jump (β = -.04; SE = .02; z = -2.09; p = .038), with a lower BMI being associated with better 
performances. However, there was no evidence for interactions between Time and Group for 
any of the Tests. Results are presented in Table 3.1 and illustrated in Figure 3.2. Means and 
standard deviations are reported in the Appendix Section 8.3.1.2. 

 

 
Figure 3. 2: Physical fitness plots for the first intervention period CON = control group, INT = 
intervention group. 
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Table 3. 1: Results of LMM for physical fitness for the first intervention period 

Predictors Est. SE z p 
Test [Run] -0.93 0.09 -10.91 <0.001 
Test [Star_r] -0.86 0.09 -10.05 <0.001 
Test [S20_r] -1.02 0.09 -12.04 <0.001 
Test [SLJ] -0.95 0.09 -11.23 <0.001 
Test [Run] : Group2-1 -0.21 0.17 -1.22 0.224 
Test [Star_r] : Group2-1 -0.05 0.17 -0.30 0.761 
Test [S20_r] : Group2-1 -0.02 0.17 -0.11 0.909 
Test [SLJ] : Group2-1 -0.09 0.17 -0.55 0.580 
Test [Run] : Time2-1 0.19 0.10 1.92 0.056 
Test [Star_r] : Time2-1 0.31 0.10 3.15 0.002 
Test [S20_r] : Time2-1 0.15 0.10 1.51 0.131 
Test [SLJ] : Time2-1 0.10 0.10 0.99 0.323 
Test [Run] : bmi_c -0.09 0.02 -5.27 <0.001 
Test [Star_r] : bmi_c 0.01 0.02 0.42 0.673 
Test [S20_r] : bmi_c -0.06 0.02 -3.31 0.001 
Test [SLJ] : bmi_c -0.04 0.02 -2.09 0.038 
Test [Run] : Group2-1 * Time2-1 0.08 0.20 0.41 0.683 
Test [Star_r] : Group2-1 * Time2-1 0.01 0.20 0.03 0.977 
Test [S20_r] : Group2-1 * Time2-1 -0.03 0.20 -0.15 0.879 
Test [SLJ] : Group2-1 * Time2-1 -0.15 0.20 -0.75 0.454 
Random Effects     
σ2 0.34    
τ00Child 0.34    
ICC 0.50    
N Child 72    
Observations 561    
Marginal R2 / Conditional R2 0.123 / 0.559  

Run = 6 min run, Star_r = star run, S20_r = 20 m sprint, SLJ = standing long jump, 
bmi_c = gender-specific zero-centered body mass index, Est. = estimate; SE = standar 
error 

 

3.3.2 Executive function 

3.3.2.1 Model fitting 

Model selection is documented in the Appendix Section 8.3.2.1. For the analysis of intervention 
effects on executive function, Group and Time were included in the structure of fixed factors 
nested in executive function Test. In addition, gender was included in the fixed effects 
structure. 

3.3.2.2 Results 

The LMM revealed a significant gender-related effect (β = .33; SE = .13; z = 2.53; p = .012), 
with better overall executive function performances in boys compared to girls. Overall, Time-
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related improvements were found for trail making test version A (β = .52; SE = .13; z = 4.05; 
p < .001), trail making test version B (β = .25; SE = .13; z = 1.97; p = .050), digit symbol 
substitution test (β = .36; SE = .13; z = 2.78; p = .006), and Simon task incongruent condition 
(β = .29; SE = .13; z = 2.26; p = .024). However, there was no evidence for interactions between 
Time and Group for any included executive function Tests. The results are presented in Table 
3.2 and mapped in Figure 3.3. Means and standard deviations are reported in the Appendix 
Section 8.3.2.2. 
 

 
Figure 3. 3: Executive function performance plots for the first intervention period, CON = control 
group, INT = intervention group 
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Table 3. 2: Results of LMM for executive function performances for the first intervention period 

Predictors Est. SE z p 
Test [TMTa] -0.54 0.09 -6.31 <0.001 
Test [TMTb] -0.49 0.09 -5.65 <0.001 
Test [DSST] -0.50 0.09 -5.82 <0.001 
Test [SC] -0.49 0.09 -5.64 <0.001 
Test [SI] -0.44 0.09 -5.11 <0.001 
gender2-1 0.33 0.13 2.53 0.012 
Test [TMTa] : Group2-1 -0.01 0.17 -0.05 0.962 
Test [TMTb] : Group2-1 0.10 0.17 0.57 0.571 
Test [DSST] : Group2-1 -0.16 0.17 -0.91 0.365 
Test [SC] : Group2-1 -0.15 0.17 -0.85 0.396 
Test [SI] : Group2-1 -0.19 0.17 -1.11 0.266 
Test [TMTa] : Time2-1 0.52 0.13 4.05 <0.001 
Test [TMTb] : Time2-1 0.25 0.13 1.97 0.050 
Test [DSST] : Time2-1 0.36 0.13 2.78 0.006 
Test [SC] : Time2-1 0.18 0.13 1.37 0.172 
Test [SI] : Time2-1 0.29 0.13 2.26 0.024 
Test [TMTa] : Group2-1 * Time2-1 0.13 0.26 0.52 0.602 
Test [TMTb] : Group2-1 * Time2-1 0.11 0.26 0.42 0.678 
Test [DSST] : Group2-1 * Time2-1 0.19 0.26 0.75 0.456 
Test [SC] : Group2-1 * Time2-1 0.18 0.26 0.71 0.479 
Test [SI] : Group2-1 * Time2-1 0.03 0.26 0.11 0.916 
Random Effects     
σ2 0.57    
τ00Child 0.23    
ICC 0.29    
N Child 72    
Observations 705    
Marginal R2 / Conditional R2 0.072 / 0.344 
TMTa = trail making test version A, TMTb = trail making test version B, DSST = digit 
symbol substitution test, SC = Simon task congruent condition, SI = Simon task 
incongruent condition, Est. = estimate; SE = standar error 

 

3.4 Intervention model 2: Pooled intervention period 

3.4.1 Physical fitness 

3.4.1.1 Model fitting 

Model selection is documented in the Appendix Section 8.3.3.1. For the analysis of intervention 
effects of physical fitness, Group (pooled) and Time (pooled) nested under the factor levels of 
Test. In addition, BMI was included in the nested structure of Test. 
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3.4.1.2 Results 

LMM revealed significant overall Time-related (pooled) improvements for 6 min run (β = .2; 
SE = .08; z = 2.54; p = .011) and star run (β = .27; SE = .08; z = 3.45; p = .001). For 6 min run 
(β = -.09; SE = .02; z = -5.59; p < .001), star run (β = -.05; SE = .02; z = -3.18; p = .002), and 
standing long jump (β = -.04; SE = .02; z = -2.5; p = .013), the LMM revealed lower BMI to 
be associated with better performances. However, significant interactions of Time (pooled) and 
Group (pooled) were not found for any of the implemented Tests. Results are presented in 
Table 3.3 and depicted in Figure 3.4. Means and standard deviations are reported in the 
Appendix Section 8.3.3.2. 
 

 
Figure 3. 4: Physical fitness plots for the pooled intervention period, CON = control group, INT = 
intervention group 

  



 57 

Table 3. 3: Results of LMM for physical fitness for the pooled intervention period 

Predictors Est. SE z P 
Test [Run] -0.94 0.08 -11.35 <0.001 
Test [Star_r] -0.73 0.08 -8.85 <0.001 
Test [S20_r] -1.00 0.08 -12.13 <0.001 
Test [SLJ] -0.87 0.08 -10.51 <0.001 
Test [Run] : Group_pooled2-1 0.02 0.08 0.26 0.793 
Test [Star_r] : Group_pooled2-1 -0.04 0.08 -0.46 0.645 
Test [S20_r] : Group_pooled2-1 -0.07 0.08 -0.97 0.333 
Test [SLJ] : Group_pooled2-1 -0.10 0.08 -1.33 0.184 
Test [Run] : Time_pooled2-1 0.20 0.08 2.54 0.011 
Test [Star_r] : Time_pooled2-1 0.27 0.08 3.45 0.001 
Test [S20_r] : Time_pooled2-1 0.04 0.08 0.53 0.597 
Test [SLJ] : Time_pooled2-1 0.15 0.08 1.92 0.055 
Test [Run] : bmi_c -0.09 0.02 -5.59 <0.001 
Test [Star_r] : bmi_c 0.00 0.02 0.15 0.884 
Test [S20_r] : bmi_c -0.05 0.02 -3.18 0.002 
Test [SLJ] : bmi_c -0.04 0.02 -2.50 0.013 
Test [Run] : Group_pooled2-1 * Time_pooled2-1 0.03 0.15 0.16 0.871 
Test [Star_r] : Group_pooled2-1 * Time_pooled2-1 0.06 0.15 0.39 0.695 
Test [S20_r] : Group_pooled2-1 * Time_pooled2-1 0.02 0.15 0.11 0.910 
Test [SLJ] : Group_pooled2-1 * Time_pooled2-1 -0.13 0.15 -0.83 0.407 
Random Effects     
σ2 0.37    
τ00Child 0.35    
ICC 0.49    
N Child 66    
Observations 1019    
Marginal R2 / Conditional R2 0.106 / 0.540 
Run = 6 min run, Star_r = star run, S20_r = 20 m sprint, SLJ = standing long jump, 
bmi_c = gender-specific zero-centered body mass index, Est. = estimate; SE = standar 
error 

 

3.4.2 Executive function 

3.4.2.1 Model fitting 

Model selection is documented in the Appendix Section 8.3.4.1. For the analysis of intervention 
effects on executive function, Group (pooled) and Time (pooled) were nested within the factor 
levels of Test. In addition, age was also included in the fixed effects structure. 
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3.4.2.2 Results 

LMM revealed overall age-related improvements in executive function (β = .89; SE = .07; z = 
13.08; p < .001). However, no evidence for significant effects of Time (pooled), Group 
(pooled), or interactions of Time (pooled) and Group (pooled) were found for any of the 
implemented Tests. Results are presented in Table 3.4 and depicted in Figure 3.5. Means and 
standard deviations are reported in the Appendix Section 8.3.4.2. 
 

 
Figure 3. 5: Executive function plots for the pooled intervention period, CON = control group, INT = 
intervention group 
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Table 3. 4: Results of the LMM for executive function performance for the pooled intervention period 

Predictors Est. SE z p 
Test [TMTa] -0.16 0.10 -1.68 0.093 
Test [TMTb] -0.13 0.10 -1.35 0.177 
Test [DSST] -0.15 0.10 -1.53 0.127 
Test [SC] -0.13 0.10 -1.35 0.178 
Test [SI] -0.12 0.10 -1.29 0.198 
a1 0.89 0.07 13.08 <0.001 
Test [TMTa] : Group_pooled2-1 -0.04 0.09 -0.45 0.649 
Test [TMTb] : Group_pooled2-1 -0.12 0.09 -1.33 0.185 
Test [DSST] : Group_pooled2-1 -0.15 0.09 -1.67 0.095 
Test [SC] : Group_pooled2-1 0.02 0.09 0.25 0.804 
Test [SI] : Group_pooled2-1 -0.07 0.09 -0.78 0.433 
Test [TMTa] : Time_pooled2-1 0.00 0.09 0.00 0.996 
Test [TMTb] : Time_pooled2-1 0.15 0.09 1.59 0.112 
Test [DSST] : Time_pooled2-1 -0.01 0.09 -0.12 0.902 
Test [SC] : Time_pooled2-1 -0.17 0.09 -1.79 0.074 
Test [SI] : Time_pooled2-1 -0.05 0.09 -0.50 0.614 
Test [TMTa] : Group_pooled2-1 * Time_pooled2-1 0.22 0.18 1.21 0.228 
Test [TMTb] : Group_pooled2-1 * Time_pooled2-1 0.13 0.18 0.70 0.483 
Test [DSST] : Group_pooled2-1 * Time_pooled2-1 0.13 0.18 0.73 0.468 
Test [SC] : Group_pooled2-1 * Time_pooled2-1 0.08 0.18 0.42 0.671 
Test [SI] : Group_pooled2-1 * Time_pooled2-1 -0.00 0.18 -0.02 0.988 
Random Effects     
σ2 0.54    
τ00Child 0.48    
ICC 0.47    
N Child 66    
Observations 1289    
Marginal R2 / Conditional R2 0.238 / 0.594 
TMTa = trail making test version A, TMTb = trail making test version B, DSST = digit 
symbol substitution test, SC = Simon task congruent condition, SI = Simon task 
incongruent condition, a1 = zero-centered age, Est. = estimate; SE = standar error 

 

3.5 Intervention model 3: Long-term effects 

3.5.1 Physical fitness 

3.5.1.1 Model fitting 

Model selection is documented in the Appendix Section 8.3.5.1. For the analysis of long-term 
intervention effects on physical fitness, Group and Time were included in the fixed factor 
structure, which was nested within Test. In addition, BMI and Berlin proximity were included 
in the nested structure of Test. 
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3.5.1.2 Results 

The LMM revealed a significant overall Time-related improvement for star run between t0 and 
t1 (β = .3; SE = .15; z = 2.07; p = .039) and t2 and t3 (β = .32; SE = .15; z = 2.17; p = .030), 
for 20 m sprint between t6 and t8 (β = .4; SE = .15; z = 2.58; p = .010), and for standing long 
jump between t6 and t8 (β = .5; SE = .15; z = 3.26; p = .001). Further, analysis revealed 
significant effects of BMI for 6 min run (β = -.09; SE = .02; z = -5.62; p < .001), and 20 m 
sprint (β = -.04; SE = .02; z = -2.78; p = .006) with better performances being associated with 
a lower BMI. Effects of Berlin proximity were found for 6 min run (β = .-81; SE = .3; z = -
2.73; p = .006), and standing long jump (β = .-76; SE = .3; z = -2.56; p = .011) with better 
performances being associated with children living close to Berlin. However, no evidence for 
interactions of Time and Group were found for any of the implemented Tests. Results are 
presented in Table 3.5 and depicted in Figure 3.6. Means and standard deviations are reported 
in the Appendix Section 8.3.5.2. 

 

 
Figure 3. 6: : Physical fitness plots of long-term intervention effects, CON-INT = control condition 
between t0 and t1 and intervention condition between t2 and t3, INT-CON = intervention condition 
between t0 and t1 and control condition between t2 and t3 

  



 61 

Table 3. 5:  Results of LMM for physical fitness for the long-term intervention effects 

Predictors Est. SE z P 
Test [Run] -0.88 0.13 -6.87 <0.001 
Test [Star_r] -0.45 0.13 -3.50 <0.001 
Test [S20_r] -0.74 0.13 -5.79 <0.001 
Test [SLJ] -0.46 0.13 -3.58 <0.001 
Test [Run] : Group2-1 0.20 0.23 0.87 0.387 
Test [Star_r] : Group2-1 0.01 0.23 0.03 0.974 
Test [S20_r] : Group2-1 0.39 0.23 1.66 0.097 
Test [SLJ] : Group2-1 0.37 0.23 1.61 0.108 
Test [Run] : Time2-1 0.14 0.15 0.97 0.332 
Test [Star_r] : Time2-1 0.30 0.15 2.07 0.039 
Test [S20_r] : Time2-1 0.13 0.15 0.89 0.376 
Test [SLJ] : Time2-1 0.03 0.15 0.17 0.862 
Test [Run] : Time3-2 -0.16 0.15 -1.08 0.281 
Test [Star_r] : Time3-2 -0.11 0.15 -0.75 0.452 
Test [S20_r] : Time3-2 0.13 0.15 0.89 0.372 
Test [SLJ] : Time3-2 -0.07 0.15 -0.45 0.652 
Test [Run] : Time4-3 0.16 0.15 1.06 0.290 
Test [Star_r] : Time4-3 0.32 0.15 2.17 0.030 
Test [S20_r] : Time4-3 -0.11 0.15 -0.76 0.447 
Test [SLJ] : Time4-3 0.26 0.15 1.79 0.074 
Test [Run] : Time5-4 -0.02 0.15 -0.16 0.876 
Test [Star_r] : Time5-4 0.26 0.15 1.72 0.087 
Test [S20_r] : Time5-4 0.29 0.15 1.86 0.063 
Test [SLJ] : Time5-4 0.14 0.15 0.89 0.374 
Test [Run] : Time6-5 0.15 0.16 0.94 0.346 
Test [Star_r] : Time6-5 0.07 0.15 0.45 0.651 
Test [S20_r] : Time6-5 0.40 0.15 2.58 0.010 
Test [SLJ] : Time6-5 0.50 0.15 3.26 0.001 
Test [Run] : bmi_c -0.09 0.02 -5.62 <0.001 
Test [Star_r] : bmi_c -0.01 0.02 -0.59 0.558 
Test [S20_r] : bmi_c -0.04 0.02 -2.78 0.006 
Test [SLJ] : bmi_c -0.03 0.02 -1.73 0.084 
Test [Run] : bp2-1 -0.81 0.30 -2.73 0.007 
Test [Star_r] : bp2-1 -0.25 0.30 -0.85 0.393 
Test [S20_r] : bp2-1 -0.58 0.30 -1.95 0.052 
Test [SLJ] : bp2-1 -0.76 0.30 -2.56 0.011 
Test [Run] : Group2-1 * Time2-1 0.49 0.29 1.68 0.094 
Test [Star_r] : Group2-1 * Time2-1 0.14 0.29 0.49 0.624 
Test [S20_r] : Group2-1 * Time2-1 -0.13 0.29 -0.46 0.646 
Test [SLJ] : Group2-1 * Time2-1 -0.02 0.29 -0.08 0.940 
Test [Run] : Group2-1 * Time3-2 -0.31 0.30 -1.05 0.293 
Test [Star_r] : Group2-1 * Time3-2 0.05 0.29 0.16 0.870 
Test [S20_r] : Group2-1 * Time3-2 0.42 0.29 1.44 0.149 
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Table 3. 5:  Results of LMM for physical fitness for the long-term intervention effects (continued 

Predictors Est. SE z P 
Test [SLJ] : Group2-1 * Time3-2 0.12 0.29 0.42 0.674 
Test [Run] : Group2-1 * Time4-3 0.04 0.30 0.15 0.881 
Test [Star_r] : Group2-1 * Time4-3 0.05 0.29 0.19 0.853 
Test [S20_r] : Group2-1 * Time4-3 -0.10 0.29 -0.34 0.735 
Test [SLJ] : Group2-1 * Time4-3 0.41 0.29 1.40 0.163 
Test [Run] : Group2-1 * Time5-4 0.01 0.31 0.04 0.964 
Test [Star_r] : Group2-1 * Time5-4 -0.07 0.31 -0.23 0.816 
Test [S20_r] : Group2-1 * Time5-4 0.18 0.31 0.60 0.551 
Test [SLJ] : Group2-1 * Time5-4 0.01 0.31 0.02 0.986 
Test [Run] : Group2-1 * Time6-5 0.47 0.31 1.53 0.128 
Test [Star_r] : Group2-1 * Time6-5 0.13 0.31 0.41 0.679 
Test [S20_r] : Group2-1 * Time6-5 -0.00 0.30 -0.01 0.989 
Test [SLJ] : Group2-1 * Time6-5 -0.15 0.30 -0.48 0.635 
Random Effects     
σ2 0.38    
τ00Child 0.28    
ICC 0.43    
N Child 37    
Observations 836    

Marginal R2 / Conditional R2 0.313 / 
0.605 

   

Run = 6 min run, Star_r = star run, S20_r = 20 m sprint, SLJ = standing long jump, 
bmi_c = gender-specific zero-centered body mass index, Est. = estimate; SE = standar 
error 

 

3.5.2 Executive function 

3.5.2.1 Model fitting 

Model selection is documented in the Appendix Section 8.3.6.1. For the analysis of intervention 
on executive function, Group and Time were included in the fixed factor structure within Test. 
No other covariates were included in the LMM. 

3.5.2.2 Results 

The LMM revealed a significant overall Time-related improvement for trail making test 
version A between t0 and t1 (β = .55; SE = .16; z = 3.36; p = .001), t3 and t6 (β = .43; SE = 
.17; z = 2.53; p = .012), and t6 and t8 (β = .40; SE = .17; z = 2.37; p = .018). For trail making 
test version B, performance improved between t0 and t1 (β = .37; SE = .16; z = 2.27; p = .023), 
and t2 and t3 (β = .49; SE = .16; z = 3.01; p = .003). For digit symbol substitution test, 
performance improved between t1 and t2 (β = .37; 
SE=.16;z=2.25;p=.025),andt6andt8(β=.64;SE=.17;z=3.81;p<.001). Similarly,forSimon task 
congruent condition, performance improved between t1 and t2 (β = .44; SE = .16; z = 2.70; p 
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= .007), and t6 and t8 (β = .57; SE = .17; z = 3.37; p = .001); and for Simon task incongruent 
condition, performance improved between t0 and t1 (β = .34; SE = .16; z = 2.06; p = .039), and 
t6 and t8 (β = .75; SE = .17; z = 4.42; p < .001). However, there was no evidence for interactions 
of Time and Group for any of the implemented executive function Tests. Results are presented 
in Table 3.6 and depicted in Figure 3.7. Means and standard deviations are reported in the 
Appendix Section 8.3.6.2. 

 
Figure 3. 7: Executive function performance plots of long-term intervention effects, CON-INT = control 
condition between t0 and t1 and intervention condition between t2 and t3, INT-CON = intervention 
condition between t0 and t1 and control condition between t2 and t3 
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Table 3. 6: Results of LMM for executive function performance for the long-term intervention effects 

Predictors Est. SE Z p 
Test [TMTa] 0.17 0.09 1.82 0.069 
Test [TMTb] 0.21 0.09 2.18 0.030 
Test [DSST] 0.19 0.09 2.00 0.046 
Test [SC] 0.20 0.09 2.15 0.032 
Test [SI] 0.19 0.09 2.03 0.042 
Test [TMTa] : Group2-1 -0.14 0.19 -0.73 0.468 
Test [TMTb] : Group2-1 0.03 0.19 0.18 0.860 
Test [DSST] : Group2-1 -0.27 0.19 -1.43 0.153 
Test [SC] : Group2-1 -0.21 0.19 -1.12 0.263 
Test [SI] : Group2-1 -0.19 0.19 -1.03 0.305 
Test [TMTa] : Time2-1 0.55 0.16 3.36 0.001 
Test [TMTb] : Time2-1 0.37 0.16 2.27 0.023 
Test [DSST] : Time2-1 0.28 0.16 1.74 0.081 
Test [SC] : Time2-1 0.21 0.16 1.28 0.202 
Test [SI] : Time2-1 0.34 0.16 2.06 0.039 
Test [TMTa] : Time3-2 0.31 0.16 1.88 0.061 
Test [TMTb] : Time3-2 0.13 0.16 0.82 0.411 
Test [DSST] : Time3-2 0.37 0.16 2.25 0.025 
Test [SC] : Time3-2 0.44 0.16 2.70 0.007 
Test [SI] : Time3-2 0.24 0.16 1.45 0.148 
Test [TMTa] : Time4-3 -0.01 0.16 -0.08 0.938 
Test [TMTb] : Time4-3 0.49 0.16 3.01 0.003 
Test [DSST] : Time4-3 0.26 0.16 1.60 0.109 
Test [SC] : Time4-3 0.16 0.16 0.98 0.325 
Test [SI] : Time4-3 0.24 0.16 1.50 0.135 
Test [TMTa] : Time5-4 0.43 0.17 2.53 0.012 
Test [TMTb] : Time5-4 0.15 0.17 0.89 0.373 
Test [DSST] : Time5-4 0.15 0.17 0.86 0.389 
Test [SC] : Time5-4 0.11 0.17 0.68 0.499 
Test [SI] : Time5-4 0.06 0.17 0.36 0.719 
Test [TMTa] : Time6-5 0.40 0.17 2.37 0.018 
Test [TMTb] : Time6-5 0.30 0.17 1.79 0.075 
Test [DSST] : Time6-5 0.64 0.17 3.81 <0.001 
Test [SC] : Time6-5 0.57 0.17 3.37 0.001 
Test [SI] : Time6-5 0.75 0.17 4.42 <0.001 
Test [TMTa] : Group2-1 * Time2-1 0.08 0.33 0.25 0.806 
Test [TMTb] : Group2-1 * Time2-1 0.15 0.33 0.47 0.637 
Test [DSST] : Group2-1 * Time2-1 0.11 0.33 0.35 0.727 
Test [SC] : Group2-1 * Time2-1 0.20 0.33 0.61 0.539 
Test [SI] : Group2-1 * Time2-1 0.01 0.33 0.02 0.987 
Test [TMTa] : Group2-1 * Time3-2 0.09 0.33 0.27 0.789 
Test [TMTb] : Group2-1 * Time3-2 0.61 0.33 1.89 0.060 
Test [DSST] : Group2-1 * Time3-2 0.33 0.33 1.02 0.309 
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Table 3. 6: Results of LMM for executive function performance for the long-term intervention effects 
(continued) 

Predictors Est. SE Z p 
Test [SC] : Group2-1 * Time3-2 -0.03 0.33 -0.11 0.915 
Test [SI] : Group2-1 * Time3-2 0.15 0.33 0.46 0.644 
Test [TMTa] : Group2-1 * Time4-3 -0.03 0.33 -0.09 0.931 
Test [TMTb] : Group2-1 * Time4-3 -0.54 0.33 -1.66 0.097 
Test [DSST] : Group2-1 * Time4-3 -0.08 0.33 -0.25 0.802 
Test [SC] : Group2-1 * Time4-3 -0.31 0.32 -0.96 0.335 
Test [SI] : Group2-1 * Time4-3 -0.21 0.32 -0.64 0.524 
Test [TMTa] : Group2-1 * Time5-4 0.06 0.34 0.19 0.852 
Test [TMTb] : Group2-1 * Time5-4 -0.27 0.34 -0.80 0.423 
Test [DSST] : Group2-1 * Time5-4 -0.38 0.34 -1.10 0.273 
Test [SC] : Group2-1 * Time5-4 0.40 0.34 1.17 0.241 
Test [SI] : Group2-1 * Time5-4 0.24 0.34 0.70 0.483 
Test [TMTa] : Group2-1 * Time6-5 -0.54 0.34 -1.60 0.110 
Test [TMTb] : Group2-1 * Time6-5 0.13 0.34 0.38 0.706 
Test [DSST] : Group2-1 * Time6-5 0.00 0.34 0.01 0.991 
Test [SC] : Group2-1 * Time6-5 0.03 0.34 0.10 0.921 
Test [SI] : Group2-1 * Time6-5 0.06 0.34 0.19 0.849 
Random Effects     
σ2 0.48    
τ00Child 0.25    
ICC 0.34    
N Child 37    
Observations 1062    

Marginal R2 / Conditional R2 0.285 / 
0.529 

   

TMTa = trail making test version a, TMTb = trail making test version b, DSST = digit 
symbol substitution test, SC = Simon task congruent condition, SI = Simon task 
incongruent condition, Est. = estimate; SE = standar error 

 

3.6 Summary of results 

The most striking outcome of assessing the effects of the implemented 14-week quantitative 
remedial physical education intervention on physical fitness and executive function of children 
with deficits in their physical fitness, was (1) the absence of detectable intervention-related 
improvements of physical fitness or executive functions in any of the approaches used. 
Other results revealed by the LMMs were (2) several improvements over time in all tests of 
physical fitness and executive functions, (3) interactions between BMI and 6 min run, star run, 
and standing long jump performances, with better performances in children with a lower BMI, 
(4) an effect of proximity to Berlin on performance in 6 min run and standing long jump, with 
children living closer to Berlin performing better, (5) improvements in executive function test 
performance with age, and (6) gendered differences in executive function test performances, 
with boys performing better compared to girls. 
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3.7 Discussion 

Regarding the absence of detectable intervention effects, two potential factors hold plausible 
explanations in relation to the remedial physical education intervention: (1) duration of the 
intervention period and (2) exercise specificity. A meta-analysis summarising effects of 
additional physical education found positive effects in cardiorespiratory and muscular fitness, 
however the study included predominantly studies with intervention periods lasting one year 
or longer (i.e., 17 out of 20 studies) (García-Hermoso et al., 2020). One of the included studies 
examined effects of two additional physical education lessons over a 16-week period in 
adolescents aged 12 to 14 years and found intervention-related effects for shuttle run but not 
standing long jump and 4 x 10 m shuttle run performances (Ardoy et al., 2011). In another 
study, additional physical education lessons were implemented for 8 weeks, however, the 
publication was only available in Spanish and therefore could not be further discussed in this 
thesis (Lechuga et al., 2012). This could indicate that intervention periods of 14 weeks, as used 
in the SMaRTER study, might be insufficient to achieve detectable intervention effects. 
Studies examining effects of more specific exercises (i.e., exercises that focus on improving 
specific subcomponents of physical fitness) integrated into existing physical education classes 
have shown to induce intervention-related benefits compared to regular physical education 
lessons. For example, studies in which 9- to 10-week plyometric programs were integrated into 
the physical education curriculum with children aged 8 to 12 years found greater improvements 
in sprint speed, vertical jump height, standing long jump distance, number of push-ups, and 
half-mile run performance compared to regular physical education controls97 (Faigenbaum & 
Farrell, 2009; Kotzamanidis, 2006). Similarly, in a study examining effects of an 8-week 
resistance training program incorporated into physical education in children aged 10 to 12 
years, greater intervention-related improvements were found in sit-up and arm bend 
performances, but not in standing long jump distance, compared to regular physical education98 
(Viciana et al., 2013). As the SMaRTER study included a comprehensive intervention program 
aimed at improving several components of physical fitness in children, the respective exercises 
might have been insufficient to induce intervention-related improvements in physical fitness 
components. While a 14-week intervention curriculum aimed at improving a specific 
component of physical fitness could have achieved significant intervention effects, the 
SMaRTER study was oriented towards bringing general physical fitness of participating 
children to a level comparable to that of their peers, while offering exercises in a curriculum 
that was fun and provided a safe community learning experience for participating children 
(KMK, 1999). Accordingly, implementing the SMaRTER physical education curriculum over 
a longer period of time (i.e., ≥ one school year) may have resulted in measurable intervention-
related improvements in physical fitness and executive function. 
A similar dynamic can be observed in studies examining effects of physical education-based 
interventions on executive function. For example, a review article examining effects of 
additional physical education on executive function and academic performance predominantly 
included studies with intervention durations longer than one year (i.e., 3 out of 4 studies) 
(Garciá-Hermoso et al., 2021). Shorter interventions based on physical education tend to 
implement training protocols involving some form of high-intensity exercise such as high-
intensity interval training (Costigan et al., 2016; Garciá-Hermoso et al., 2021; Martínez-Lopez 
et al., 2018; Xue et al., 2019). Thus, similarly to the lack of detectable intervention-related 
improvements on physical fitness, the lack of intervention-related effects on executive function 
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in the SMaRTER study may also have attributed to an insufficient intervention period duration 
or an insufficient training intensity. 
Another factor to consider in this discussion would be the inclusion of children with deficits in 
their physical fitness. In the SMaRTER study, it was hypothesised that children with deficits 
in their physical fitness would make greater improvements when exposed to additional exercise 
due to their larger potentials. However, this view is biased by the assumption that deficits in 
physical fitness are caused by a mere lack of exercise or can at least be properly addressed by 
additional exercising, thereby neglecting, for example, sociocultural conditions related to 
children’s physical fitness levels. This will be discussed further in Section 7.3. 
However, in addition to the absence of detectable intervention-related effects, the different 
analyses found several time-related improvements of physical fitness and executive function, 
as well as moderating effects of BMI, gender, and proximity to Berlin. The various significant 
results of temporal improvements in physical fitness and executive function tests, as well as 
age-related improvements in executive function, are consistent with expectations arising from 
research on growth- and maturation-related changes in children (see Section 1.1.2 for more 
details on age-/growth-/maturation-related changes in physical fitness; details on 
age/growth/maturity-related changes in cognition can be found elsewhere (Diamond, 2000, 
2006; Jacobsen et al., 2017; S. C. Li, 2003; Thompson & Steinbeis, 2020)). 
In preliminary analysis of baseline differences (described in Section 2.7), interactions were 
found between group and gender and several anthropometric variables. Therefore, BMI was 
included in intervention analyses and showed moderation of performance in physical fitness 
but not executive function. These interactions further informed the analysis of body height and 
body mass effects on physical fitness, which are assessed in Chapter 4. Including BMI in the 
analyses of potential intervention-related effects showed that for 6 min run, 20 m sprint, and 
standing long jump, but not star run, better performances were associated with a lower BMI. 
These results are mostly consistent with the assumption that body weight-related parameters 
particularly influence performance in physical fitness tests that take total body weight into 
account Deforche et al. (2003). Star run performances have shown no association with BMI, 
although star run has strong construct correlations with the other three tests included in the 
analyses (Fühner et al., 2021) and also uses whole-body movements. This could be an 
indication that other elements such as cognitive elements of this task might be a stronger 
limiting factor and thus be less affiliated with anthropological parameters. This interpretation 
would further be supported as BMI did not reveal to be of any statistical relevance in the 
executive function models. However, as there is evidence of a relationship between BMI and 
coordinative motor tasks in children aged 6 to 11 years (Giuriato et al., 2019; Lopes et al., 
2018), the relationship between BMI and star run performances might be different in children 
with deficits in their physical fitness compared to regular fit children. 
Effects of gender on cognitive performance favoured boys in one of the three models, which 
contradicts some findings from studies that examined effects of gender on executive functions 
between the ages of 5 and 12 and found that they were either absent or in favour of girls 
(Ishihara et al., 2018; Jacobsen et al., 2017; Yamamoto & Imai-Matsumura, 2019). While it is 
possible that gender-specific distributions of executive functions are different for children with 
deficits in physical fitness compared to regularly fit children, evidence for such distributions is 
missing. However, as effects of gender on executive function only occurred in one of the three 
models, it might be a sample-specific or spurious result. 
The model for evaluating mid- and long-term intervention effects showed a positive effect of 
proximity to Berlin on performances in 6 min run and standing long jump, with children living 
closer to Berlin performing better. These results are in line with unpublished results of the 
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EMOTIKON study, which show that children who live closer to Berlin performed better in 6 
min run, 20 m sprint, and standing long jump (R. Kliegl & Teich, 2022). Since this model is 
the only one that includes data points after the onset of the covid pandemic, it is possible that 
the decline in physical fitness associated with the covid pandemic was different for children 
living in denser and less isolated environments than for children living in more rural areas. This 
assumption is in line with results of a study examining the impact of the covid pandemic on 
physical fitness of Slovenian 6th and 8th grade children, which found a greater decline in 
overall physical fitness, but not in 600 m running performance among rural youth compared to 
urban youth (Pajek, 2022). However, due to the small dropout-related sample size of the mid- 
and long-term effects model (n = 37; CON-INT = 18, INT-CON = 19), results could be spurious 
and should be interpreted with care. 
 

3.8 Implications and subsequent analyses 

The lack of detectable intervention-related effects on performance in the physical fitness tests 
used allows the distinction between intervention and control group children (i.e., the factor 
“group”) to be omitted in the following chapters. Accordingly, these chapters will focus on 
effects of various moderators of physical fitness in children with motor deficits, as already 
outlined in Section 2.8. In addition, a prominent finding from the analysis of intervention 
effects on physical fitness components was, that including BMI in the analyses improved the 
models fits and revealed significant effects on 6 min run, 20 m sprint, and standing long jump 
with better performances being associated with lower body mass indices. This poses the 
question how the subcomponents of BMI (i.e., body height and body mass) are moderating 
physical fitness performances in children with deficits in their physical fitness. This will be 
assessed in the following chapters where the conceptualisation of physical fitness is expanded 
by including the ball push test. 
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4 Analyses of body composition-related effects on physical fitness 

4.1 Introduction 

The results of the Chapter 3 study show that body mass index (BMI) has a detectable negative 
effect on physical performances in 6 min run, 20 m sprint, and standing long jump, but not in 
the star run. However, using BMI as a composite of body height and body mass could 
potentially mask opposing effects of body height and body mass. Furthermore, including the 
interaction of both body parameters into the model would allow for a more dynamic 
understanding of how these parameters interact with the different components of physical 
fitness. Thus, the main focus of this chapter is on the effects of body height and body mass on 
physical fitness performance of children with deficits in their physical fitness. 

4.2 Statistical analysis and model fitting 

For the analysis of body mass and body height effects on physical fitness, 6 min run, 20 m 
sprint, star run, standing long jump, and ball push test were included in the analysis. As outlined 
in Section 2.8, ball push test was included in the conceptualisation of physical fitness. This 
decision was based on the hypothesis that a higher body mass might be beneficial for test 
performances as body weight could be used as a counterweight. As this hypothesis could not 
be applied to the one leg balance test, this test was not included in the hypothesis. For details 
on preprocessing and z-transformation of physical fitness data, see Section 8.1.4, and for 
anthropological parameters, see Section 8.1.3 of the Appendix. Missing data for body mass and 
body height were imputed from previous assessments. 
A linear mixed models (LMM) analysis approach was implemented, and a parsimonious model 
selection approach was adopted (D. M. Bates et al., 2018). Z-scores of the above mentioned 
physical fitness tests were used and the physical fitness tests were set as factor levels of Test 
and successive difference contrasts were applied. Body mass and body height were included as 
fixed effects nested within the factor levels of Test. Additionally, age was included as a fixed 
effect. Child was included as a random factor with age as a variance component. Residual-
based diagnostics (e.g., q-q plot, standardized residuals over fitted values, etc.) were carried 
out for the final model and reported in the results. 
The process of model selection is documented in the Appendix Section 8.4.2. The final LMM 
was fitted with age and Test as fixed factors. Body height and linear and quadratic mass with 
interactions between height and linear mass were nested within Test. Child was entered as a 
random factor, including individual age as a variance component. 

4.3 Results  

4.3.1 Fixed effects 

LMM showed a significant overall effect for age (β = 14; SE = .06; z = 2.5; p = .013) with 
performance increasing with age. 
Regarding anthropometric parameters, the LMM revealed better performances for taller 
children in all included physical fitness tests (i.e., 6 min run (β = .05; SE = .01; z = 4.44; p < 
.001), star run (β = .04; SE = .01; z = 3.2; p < .001), 20 m sprint (β = .04; SE = .01; z = 3.78; p 
= .001), standing long jump (β = .06; SE = .01; z = 4.96; p < .001), and ball push test (β = .05; 
SE = .01; z = 4.53; p < .001). 
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For body mass, LMM revealed significant negative linear effects for 6 min run (β = -.05; SE = 
.01; z = -6.61; p < 0.001), and standing long jump (β = -.04; SE = .01; z = -5.48; p < 0.001), 
with increases in body mass being associated with a decrease in performance. A significant 
positive linear effect was found for ball push test (β = .03; SE = .01; z = 3.86; p < 0.001), with 
increases in body mass being associated with increases in ball push distance. The effect of body 
mass on 20 m sprint performance was characterized by a negative quadratic effect 20 m sprint 
(β = -.0; SE = .0; z = -2.52; p = .012), indicating that an increase of body mass was first 
associated with an increase of sprint performance, but then followed by a performance 
decrease. 
For 6 min run (β = .00; SE = .00; z = 2.52; p = .012), and 20 m sprint (β = .00; SE = .00; z 
=2.30; p = .022), the LMM revealed a significant interaction of body height and body mass. 
Whereas in smaller children a higher body mass was associated with a lower performance, in 
taller children a higher body mass was associated with a better performance. 
Model results are reported in Table 4.1. The depiction of significant effects is done for raw 
values as well as partial effects in Figure 4.1. Means and standard deviations of included 
variables are reported in the Appendix Section 8.4.3. 
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Figure 4. 1: Effects of body height, body mass, and the interaction of body height and body mass on 
physical fitness z-scores and partial effects; SE = standard error 
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Table 4. 1 : Effects of body height and body mass on physical performance 

Predictors Est. SE z p 
Test [Run] -0.95 0.08 -11.54 <0.001 
Test [Star_r] -0.56 0.08 -6.81 <0.001 
Test [S20_r] -0.84 0.08 -10.22 <0.001 
Test [SLJ] -0.80 0.08 -9.66 <0.001 
Test [BPT] 0.25 0.08 3.05 0.002 
a1 0.14 0.06 2.50 0.013 
Test [Run] : h 0.05 0.01 4.44 <0.001 
Test [Star_r] : h 0.04 0.01 3.20 0.001 
Test [S20_r] : h 0.04 0.01 3.78 <0.001 
Test [SLJ] : h 0.06 0.01 4.96 <0.001 
Test [BPT] : h 0.05 0.01 4.53 <0.001 
Test [Run] : m -0.05 0.01 -6.61 <0.001 
Test [Star_r] : m -0.01 0.01 -1.58 0.114 
Test [S20_r] : m -0.03 0.01 -4.12 <0.001 
Test [SLJ] : m -0.04 0.01 -5.48 <0.001 
Test [BPT] : m 0.03 0.01 3.86 <0.001 
Test [Run] : m2 -0.00 0.00 -1.91 0.056 
Test [Star_r] : m2 -0.00 0.00 -1.57 0.117 
Test [S20_r] : m2 -0.00 0.00 -2.52 0.012 
Test [SLJ] : m2 0.00 0.00 1.36 0.174 
Test [BPT] : m2 -0.00 0.00 -0.76 0.446 
Test [Run] : h * m 0.00 0.00 2.52 0.012 
Test [Star_r] : h * m 0.00 0.00 0.92 0.356 
Test [S20_r] : h * m 0.00 0.00 2.30 0.022 
Test [SLJ] : h * m -0.00 0.00 -0.41 0.680 
Test [BPT] : h * m -0.00 0.00 -0.23 0.819 
Random Effects     
σ2 0.38    
τ00Child 0.35    
τ11Child.a1 0.02    
ρ01Child 0.57    
ICC 0.49    
N Child 76    
Observations 1771    

Marginal R2 / Conditional R2 0.396 / 
0.690 

   

Run = 6 min run, Star_r = star run, S20_r = 20 m sprint, SLJ = standing long jump, BPT = ball push 
test, a1 = zero centered age, h = linear zero centered body height, m = linear zero centered body 
mass, m2 = quadratic zero centered body massEst. = estimate; SE = standar error 
 

4.3.2 Variance components and correlation parameters 

The random effect structure revealed differences between children in age effects on physical 
fitness. The child-related grand mean positively correlated with age effects (r = .57), meaning 
that fitter children were more likely to show greater age-related improvements. Individual 
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variance components and correlation parameters are reported in Table 4.2, and the correlation 
between grand mean and age-related effects is plotted in Figure 4.2. 

 
Figure 4. 2: Correlation of children’s grand mean and age effects 

Table 4. 2: Variance components and correlation parameter of ‘m3_hm1’ 

Groups Name Variance SD Corr 
Child grand mean 0.345 0.588  
Child a1 0.016 0.127 0.573 
Residual  0.378 0.615  
a1 = age centered at 0 

 

4.3.3 Model diagnostics 

Model performance parameters did not reveal any violations of LMM requirements and are 
plotted in Figure 4.3. 
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Figure 4. 3 : Model performance parameters 

4.4 Summary of results 

This LMM revealed that (1) physical performance increased with body height in all tests used, 
(2) negative linear effects of body mass were found for performances in 6 min run and standing 
long jump, with children with higher body mass showing lower test performances, (3) a 
negative quadratic trend was found for 20 m sprint performances, with stronger negative effects 
occurring with increasing body mass, (4) a positive effect was found of body mass on ball push 
test performances, with improvements in performances in children with higher levels of body 
mass, and (5) significant interactions between body height and body mass on 6 min run and 20 
m sprint performances, with higher levels of body mass being associated with performance 
improvements in taller children, while in shorter children increases in body mass were 
associated with decreases in performance. Additionally, the LMM revealed (6) general age-
related improvements in all tests of physical fitness, and (7) a positive correlation of individual 
variance components between overall physical fitness and age, with fitter children more likely 
to show greater age-related improvements. 

4.5 Discussion 

Similar trends for body height and body mass were found in studies that used allometric 
modelling to assess effects of body height and body mass on 20 m shuttle run, 12 min run, 
cooper test, 40 m sprint, 10 x 5 m shuttle run, vertical jump, standing long jump performances, 
and handgrip strength. The approach yielded predominantly positive associations for body 
height and negative associations for body mass with test performances, with the only exception 
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being handgrip strength, where a positive association was found between body mass and test 
performances99 (Giuriato et al., 2020; Lovecchio et al., 2019; Nevill et al., 2009; Silva et al., 
2016; Valdivia et al., 2015). As argued in these studies, positive effects found in this chapter 
of body height on standing long jump, 6 min run, 20 m sprint, and star run performances can 
be attributed to physical advantages associated with an elevated center of gravity, longer legs, 
and slender stature (Giuriato et al., 2020; Lovecchio et al., 2019; M. A. M. dos Santos et al., 
2018; Silva et al., 2016; Valdivia et al., 2015). Negative effects of body mass on standing long 
jump, 6 min run, and 20 m sprint performances can be attributed to excess body mass associated 
with body fat (Norman et al., 2005). In fact, introducing body fat percent into allometric 
analyses of the association of body height and mass with standing long jump, a negative 
association with standing long jump performance was found for body fat percent and a positive 
association for body mass (Lovecchio et al., 2019). Of note, indications of a negative effect 
were also found for body mass on star run performances (β = -.01; SE = .01; z = -1.58; p = 
.114; see Table 4.1). This trend was not significant in the present sample, but may reach 
significance in higher-powered studies with larger samples, especially as body mass has been 
shown to be negatively associated with gross motor coordination performances100 (M. A. M. 
dos Santos et al., 2018). For ball push test performance, effects of body height and mass are 
similar to those reported for handgrip strength (Nevill et al., 2009; Silva et al., 2016; Valdivia 
et al., 2015). Results are consistent with the hypothesis that fitness tests that do not utilise total 
body mass benefit from increased muscle mass without being affected by fat mass (Deforche 
et al., 2003; Ervin et al., 2014). Furthermore, it has been theorised that in addition to more 
efficient use of muscle mass, body mass can act as leverage or counterweight to further increase 
strength performance, resulting in greater than expected improvements in the respective 
muscular strength tests (Asmussen & Heebøll-Nielsen, 1955; Nevill et al., 2009). 
In addition, the LMM showed significant interactions between body height and body mass 
affecting performances in 6 min run and 20 m sprint. Here, taller children exhibit a positive 
relationship between body mass and test performances, while smaller children’s performances 
decreased with increasing body mass. When interpreting these results, it should be taken into 
account that body mass in children increases with height by a power of approximately two 
during growth (Chung, 2015). Another study found that fat-free mass in children scales with 
height by a power of about three, while fat mass does not appear to scale with height (Z. Wang 
et al., 2012). This would suggest that body mass gains in larger children might be more skewed 
towards fat-free mass, while in smaller children the same absolute body mass gains would be 
more skewed towards fat mass. As there seems to be a positive correlation between fat-free 
mass and cardiorespiratory and muscular fitness, and a negative correlation for fat mass 
(Joensuu et al., 2018), this could explain the interaction found between body height and mass. 
That is, in larger children, mass gain is more likely to be associated with an increase in fat-free 
mass, which increases performances in 6 min run and 20 m sprint, while in smaller children, 
the same absolute mass gains are more likely to be associated with fat mass, which adversely 
affects performances in these tests. However, given scalings of body mass parameters with 
height cited above, it would be interesting to examine how interactions between different body 
size parameters relate to physical fitness test performances. More specifically, deconstructing 
the widely used BMI into its subcomponents and their interactions and assessing the relevance 
of these subcomponents and interactions for different components of physical fitness. 
Aside anthropometric variables, age was included as a fixed effect and a variance component 
in the individual random effects. Including age in the fixed effects revealed overall expected 
age-related improvements in all test performances (Albrecht, 2015; Niessner et al., 2021; 
Ortega et al., 2023). Interestingly, including age as a variance component in the individual 
random factors revealed a significant correlation between overall physical fitness (i.e., grand 



 76 

mean) and age-related improvements, with fitter children being more likely to show greater 
age-related increases in physical fitness. Comparable results were found in analyses of the 
EMOTIKON study, where age of children was included as a variance component in the random 
effect structure of schools. Analysis of physical fitness of 108,295 third graders aged 8 to 8.99 
years showed a positive correlation (r = .48) between grand mean and age-related effects at 
school level (Fühner et al., 2021). These results were replicated in the covid pandemic effects 
analysis in 83,476 third graders aged 8.05 to 9.11 years (r = .49) in the EMOTIKON sample 
(Teich et al., 2023). The authors argue that either schools that offer more fitness-promoting 
resources could produce greater gains in children’s physical fitness, or fitter children could 
have greater fitness gains in a year, leading to greater overall school-related fitness as well as 
greater age-related fitness improvements (Fühner et al., 2021). The present study shows that 
the correlation is replicable at the individual level and in a smaller sample, and might therefore 
also exist within schools. It remains unclear whether this is driven by children using resources 
at their schools to promote fitness, or by children with greater age-related improvements 
showing a steeper trajectory of physical fitness over their lifetime, leading to higher levels of 
physical fitness when assessed within a specific time period. However, the correlations could 
also be indicative of socioeconomic dependencies of schools and children’s families. Quality 
of schools is related to its areas socioeconomic status (Nieuwenhuis & Xu, 2021), meaning that 
“better” schools tend to be located in more affluent neighbourhoods, and that differences in 
within-school performance are related to the socioeconomic background of children’s families 
(Ma, 2000). This might suggest that the correlation between overall physical fitness and age-
related improvement in physical fitness, both at school and individual level, might be at least 
partly due to different opportunities available to each child depending on the socioeconomic 
background of the area and their family (Rittsteiger et al., 2021). 

4.6 Implications and subsequent analyses 

Considering the overall positive effects of body height as well as age on physical fitness 
performances, the question remains whether these effects are associated with growth and 
maturation of the included children. Further, regarding the positive correlation between the 
overall level of physical fitness and the magnitude of age effects on an individual level, it 
remains unclear how these effects are moderated. Accordingly, the following Chapter 5 will 
assess the effects of age and the maturity offset estimated using two different formulas 
(Mirwald et al., 2002; Moore et al., 2015) on physical fitness. Of note, as the ball push test 
might be differently associated with changes in physical fitness associated with growth and 
age, it was not included in the following analysis to allow a more precise modeling of the 
effects of age and maturity offset and a latent construct of physical fitness (Fühner et al., 2021). 
Additionally, age and maturity offset will also be considered on an individual level to analyse 
whether the positive correlation between age-related effects and overall physical fitness is 
caused/moderated by more mature children. 
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5 Analyses of maturity-related effects on physical fitness 

5.1 Introduction 

Finding effects of body height and body mass on physical fitness raises the question how 
growth-related changes are associated with different components of physical fitness. To 
elucidate these effects, this chapter analyses the effects of age and maturity offset (Mirwald et 
al., 2002; Moore et al., 2015) on physical fitness in children with deficits in their physical 
fitness. 

5.2 Statistical analysis and model fitting 

Effects of maturity offset, age, and gender were analysed for four physical fitness tests, namely 
6 min run, star run, 20m sprint, and standing long jump (Fühner et al., 2021). Maturity offset 
was estimated using formulas by Mirwald et al. (2002) and Moore et al. (2015). Details of data 
pre-processing of physical fitness data can be found in Section 8.1.4 and of maturity offset data 
in Section 8.1.2. To avoid collinearity for age and maturity offset (since maturity offset is 
calculated using age, see Section 8.1.2), the first and second unrotated principal components 
were calculated based on z-scores of these variables (Hotelling, 1933) (for an application, see 
(R. M. Kliegl, 1982)) to achieve uncorrelated constructs (Section 8.4.1). The first principal 
component is calculated as mean of z-scores for age and maturity offset. This proxies relative 
growth, as higher values represent older children who are also closer to their individual growth 
spurt, while lower values represent younger children further away from it. The second principal 
component is calculated as difference between age and maturity offset z-scores, which 
represents delay in growth relative to chronological age. Positive values therefore represent 
children with greater skeletal growth delays, while negative values represent children with 
advanced skeletal growth. 
The analyses involved two separate LMMs, one for each estimate of maturity offset. In both 
LMMs, physical fitness tests, relative growth, growth delay, and gender were included as fixed 
effects. Using LRTs and a parsimonious model selection approach (D. M. Bates et al., 2018), 
the best fitting LMMs including Test, relative growth, growth delay, and gender were selected 
and reported. Child was included as a random factor. Successive difference contrasts were set 
for the variables gender and Test. Residual-based diagnostics (e.g., q-q plot, standardized 
residuals over fitted values) were carried out for both final LMMs to assess model performance 
and are reported in Section 5.3.1.3 and Section 5.4.1.3. Means and standard deviations are 
reported in the Appendix Section 8.5.4. 
The process of LMM selection for both models is documented in Section 8.5.2.1 and Section 
8.5.3.1. The final LMMs included Test, relative growth, growth delay, and gender as fixed 
effects, with relative growth, growth delay, and gender specified as nested within the factor 
levels of Test. Child was included as a random factor with relative growth and growth delay 
further added as individual variance components. 
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5.3 Model 1: Effects of relative growth, growth delay, and gender on 

physical fitness (maturity offset estimate with Mirwald formula) 

5.3.1 Results 

5.3.1.1 Fixed effects 

The LMM revealed a significant positive effect of relative growth on performance for star run 
(β = .32; SE = .06; z = 5.34; p < .001), 20 m sprint (β = .13; SE = .06; z = 2.21; p = .027), and 
standing long jump performances (β = .24; SE = .06; z = 4.03; p < .011). No significant effects 
were found for 6 min run performance (β = -.11; SE = .06; z = -1.8; p = .071), however, z-
values indicate a negative trend. 
Positive growth-delay effects were found for 6 min run (β = .54; SE = .13; z = 4.24; p < .001), 
20 m sprint (β = .38; SE = .13; z = 3; p = .003), and standing long jump (β = .33; SE = .13; z = 
2.6; p = .009), with better performances in children with a larger growth delay (i.e., smaller 
maturity offset score relative to their chronological age). 
Gender-related differences were found for 6 min run (β = -.75; SE = .17; z = -4.49; p < .001), 
and 20 m sprint (β = -.55; SE = .17; z = -3.29; p = .001), with better performances in girls 
compared to boys. 
Results, also including those for other tests, are reported in Table 5.1 and shown in Figure 5.1. 

 
Figure 5. 1: Plots of overall effects for relative growth, growth delay, and gender [Mirwald] 
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Table 5. 1: Effects of relative growth, growth delay, and gender on physical performances [Mirwald] 

Predictors Est. SE z p 
Test [Run] -0.81 0.08 -10.64 <0.001 
Test [Star_r] -0.54 0.08 -7.07 <0.001 
Test [S20_r] -0.76 0.08 -10.03 <0.001 
Test [SLJ] -0.63 0.08 -8.33 <0.001 
Test [Run] : m1rg -0.11 0.06 -1.80 0.071 
Test [Star_r] : m1rg 0.32 0.06 5.34 <0.001 
Test [S20_r] : m1rg 0.13 0.06 2.21 0.027 
Test [SLJ] : m1rg 0.24 0.06 4.03 <0.001 
Test [Run] : m1gd 0.54 0.13 4.24 <0.001 
Test [Star_r] : m1gd 0.14 0.13 1.15 0.251 
Test [S20_r] : m1gd 0.38 0.13 3.00 0.003 
Test [SLJ] : m1gd 0.33 0.13 2.60 0.009 
Test [Run] : gender2-1 -0.75 0.17 -4.49 <0.001 
Test [Star_r] : gender2-1 -0.11 0.17 -0.69 0.493 
Test [S20_r] : gender2-1 -0.55 0.17 -3.29 0.001 
Test [SLJ] : gender2-1 -0.29 0.17 -1.76 0.079 
Random Effects     
σ2 0.39    
τ00Child 0.19    
τ11Child.m1rg 0.08    
τ11Child.m1gd 0.31    
ρ01 -0.06    
 0.51    
ICC 0.33    
N Child 76    
Observations 1413    
Marginal R2 / Conditional R2 0.150 / 0.430 
Run = 6 min run, Star_r = star run, S20_r = 20 m sprint, SLJ = standing long jump, m1rg 
= relative growth (Mirwald) [z-score], m1gd = growth delay (Mirwald) [z-score], Est. = 
estimate; SE = standar error 

 

5.3.1.2 Variance components and correlation parameters 

Reliable individual variance components were found for relative-growth and growth-delay 
effects. A positive correlation was found between grand mean and growth delay effect (r = .51), 
showing children with better physical fitness also have a larger effect associated with growth 
delay. A negative correlation was found between relative-growth and growth-delay effects (r 
= -.74), revealing children with larger relative-growth effects tend to have smaller effects 
associated with growth delay. Results are reported in Table 5.2 and depicted in Figure 5.2. 
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Figure 5. 2 : Correlations of grand mean and growth delay effect, and relative growth effect and growth 
delay effect in individual variance components [Mirwald] 

 
Table 5. 2 : Variance components and correlation parameters [Mirwald] 

Groups Name Variance SD. Corr  
Child grand mean 0.191 0.437   
Child m1rg 0.077 0.278 -0.062  
Child m1gd 0.314 0.560 0.506 -0.752 
Residual  0.390 0.624   

m1rg = relative growth (Mirwald), m1gd = growth delay (Mirwald) 

 
  



 81 

5.3.1.3 Model diagnostics 

Diagnostic checks of LMM residuals are plotted in Figure 5.2 and did not reveal any violations 
of LMM requirements. 

 

 
Figure 5. 3 : Model performance parameters 

 

5.4 Model 2: Effects of relative growth, growth delay, and gender on 

physical fitness (maturity offset estimate with Moore formula) 

5.4.1 Results 

5.4.1.1 Fixed effects 

The LMM revealed significant positive effects of relative growth for star run (β = .34; SE = 
.05; z = 6.48; p < .001), 20 m sprint (β = .2; SE = .05; z = 3.84; p < .001), and standing long 
jump (β = .3; SE = .05; z = 5.74; p < .001) performances. 
For growth delay a positive significant effect was found on 6 min run (β = .44; SE = .18; z = 
2.44; p = .015), with children having a larger growth delay eliciting better performances. 
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Further, a significant effect for gender was found in 6 min run (β = -.63; SE = .22; z = -2.88; p 
= .004), with girls outperforming boys. 

Results are reported in Table 5.3 and shown in Figure 5.4. 

 
Figure 5. 4: Plots of overall effects of relative growth, growth delay, and gender [Moore] 

Table 5. 3: Effects of relative growth, growth delay, and gender on physical performance [Moore] 

Predictors Est. SE z p 
Test [Run] -0.82 0.09 -9.30 <0.001 
Test [Star_r] -0.56 0.09 -6.43 <0.001 
Test [S20_r] -0.79 0.09 -9.06 <0.001 
Test [SLJ] -0.67 0.09 -7.72 <0.001 
Test [Run] : m2rg -0.02 0.05 -0.36 0.722 
Test [Star_r] : m2rg 0.34 0.05 6.48 <0.001 
Test [S20_r] : m2rg 0.20 0.05 3.84 <0.001 
Test [SLJ] : m2rg 0.30 0.05 5.74 <0.001 
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Table 5. 3: Effects of relative growth, growth delay, and gender on physical performance [Moore] 
(continued) 

Predictors Est. SE z p 
Test [Run] : m2gd 0.44 0.18 2.44 0.015 
Test [Star_r] : m2gd 0.01 0.18 0.04 0.965 
Test [S20_r] : m2gd 0.20 0.18 1.09 0.276 
Test [SLJ] : m2gd 0.11 0.18 0.60 0.548 
Test [Run] : gender2-1 -0.63 0.22 -2.88 0.004 
Test [Star_r] : gender2-1 -0.00 0.22 -0.00 0.998 
Test [S20_r] : gender2-1 -0.34 0.22 -1.58 0.115 
Test [SLJ] : gender2-1 -0.05 0.22 -0.23 0.817 
Random Effects     
σ2 0.40    
τ00Child 0.28    
τ11Child.m2rg 0.04    
τ11Child.m2gd 0.40    
ρ01 0.00    
 0.71    
ICC 0.42    
N Child 76    
Observations 1413    

Marginal R2 / Conditional R2 0.105 / 
0.478 

   

Run = 6 min run, Star_r = star run, S20_r = 20 m sprint, SLJ = standing long jump, m2rg 
= relative growth (Moore) [z-score], m2gd = growth delay (Moore) [z-score], Est. = 
estimate; SE = standar error 

 

5.4.1.2 Variance components and correlation parameters 

Similar to the LMM reported above a positive correlation of variance components were found 
for the grand mean and the second principal component (r = .71), with children who have larger 
growth-delay effects also having better overall physical fitness, and a negative correlation was 
found between the first and second principal component (r = -.5), with children who have larger 
relative growth-related improvements exhibiting smaller effects of growth delay on physical 
fitness, and vice versa. Results are reported in Table 5.4 and depicted in Figure 5.5. 
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Figure 5. 5: Correlations of grand mean and growth delay effect, and relative growth effect and growth 
delay effect in individual variance components [Moore] 

 
Table 5. 4: Variance components and correlation parameters [Moore] 

Groups Name Variance SD Corr  
Child grand mean 0.283 0.532   
Child m2rg 0.042 0.204 0.001  
Child m2gd 0.402 0.634 0.708 -0.501 
Residual  0.396 0.629   

m2rg = relative growth (Moore), m2gd = growth delay (Moore) 

 

5.4.1.3 Model diagnostics 

Diagnostic checks of residuals are plotted in Figure 5.5 and did not reveal any violations of 
LMM requirements. 
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Figure 5. 6: Model performance parameters [Moore] 

 

5.5 Summary of results 

The main findings were (1) positive effects of relative growth for performances in star run, 20 
m sprint, and standing long jump for both maturity offset formulas, with children of higher 
relative growth performing better, (2) positive effects of growth delay for performances in 6 
min run for both maturity offset formulas, with children having larger growth delays showing 
better performances, (2.1) a positive effect of growth delay for performances in 20 m sprint 
and star run in the first LMM (i.e., Mirwald estimate) only, (3) gendered differences in 6 min 
run for both maturity offset formulas, with girls performing better than boys, and (3.1) gendered 
differences in 20 m sprint performances in the first LMM (i.e., Mirwald estimate) only, also 
with girls performing better than boys. 
Both LMMs revealed relative growth and growth delay to be relevant individual variance 
components and further revealed (4) a positive correlation of individual variance components 
between overall physical fitness and growth delay, with children with greater growth-delay 
effects tending to have higher levels of physical fitness, and (5) a negative correlation of 
individual variance components between relative growth and growth delay, with children with 
larger relative growth-related effects tending to have smaller effects of growth delay on 
physical fitness and vice versa. 
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5.6 Discussion 

To the author’s knowledge, no comparable approach utilising unrotated principal components 
of age and maturity offset is available to this date. Further, comparable assessments 
investigating the development of physical fitness in children with physical fitness deficits is 
scarce, thus, generalisation of these results is limited. However, considering age-related 
improvements in physical fitness in regular fit children aged 8 to 14 years in these tests 
(Albrecht, 2015; Andersen et al., 1976; Castro-Piñero et al., 2009; Castro-Piñero et al., 2011; 
Catley & Tomkinson, 2013; Fühner et al., 2021, 2022; Golle et al., 2014; Lundgren et al., 2011; 
Miguel-Etayo et al., 2014; Niessner et al., 2020; Oliveira et al., 2014; R. Santos et al., 2014; 
Tambalis et al., 2016; Teich et al., 2023), the positive effect of relative growth for test 
performance in star run, 20 m sprint, and standing long jump to are not surprising and show 
that relative growth yields comparable results. Especially as age and maturity offset similarly 
progress over the consecutive assessments in the longitudinal design of the SMaRTER study, 
as well as the assessed components of physical fitness (as shown in Chapter 3). Interestingly, 
the model with maturity offset estimates by Mirwald et al. (2002) indicated a non-significant 
but potentially relevant trend for 6 min run performances, indicating a decline in performances 
in children of higher relative growth. The results would contradict the general assumption that 
age- and growth-related physical progress in terms of height, stature, and body composition 
leads to an improvement in physical fitness (Deprez et al., 2013; Lovell et al., 2015). While the 
plateau of cardiorespiratory fitness has been demonstrated in boys aged 15-16 years and in girls 
aged 14-15 years in physically fit children (Niessner et al., 2020; Ortega et al., 2011; Tambalis 
et al., 2016), the trajectory/onset might be different in children with deficits in physical fitness. 
Considering that maturity offset is a proxy for skeletal growth (Mirwald et al., 2002; Moore et 
al., 2015), a possible asynchronous progression of bone and muscle growth (e.g. bone growth 
at constant muscle capacity) (G. P. Beunen et al., 2006) would lead to a decrease in achieved 
force output (Hawkins & Metheny, 2001). As children in this study were within the range of 
growth spurt and peak elevation velocity (i.e., peak elevation velocity of -2 and 0 years) 
(Malina, 2004), growth-related changes might be more visible in continuous whole body 
workloads such as the 6 min run, where they would accumulate and thus explain negative non-
significant effects of relative growth on 6 min run performances found in one model. 
Effects for growth delay differed between models. The model using maturity offset according 
to Mirwald et al. (2002) found a positive growth delay effect on 6 min run, 20 m sprint, and 
star run performances, with larger growth delays leading to better performance. The model 
using the formula by Moore et al. (2015) found these effects on 6 min run only. 

Side note: Considering the novelty of this approach and variable, it might be 
worth elucidating growth delay using an example for the results for 6 min run. 
Older children (e.g., z-age = 1) that are further away from their age at peak 
height velocity (e.g., z-maturity-offset = -1) would yield higher growth-delay 
values (i.e., z-age - z-maturity offset = 1 - (-1) = 2), which would be indicative 
of a more delayed growth trajectory. In comparison younger children (e.g., z-
age = -1) that are closer to their age at peak height velocity (e.g., z-maturity-
offset = 1) would score lower growth-delay values (i.e., z-age - z-maturity 
offset = -1 - 1 = -2), which would be indicative of no delays or even an 
accelerated growth trajectory. Now regarding the positive effect found for 
growth delay on 6 min run performances, better performances would be found 
in children with larger growth delays, meaning for example same age children 
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with a delayed growth trajectory would tend to show better 6 min run 
performances compared to children with an accelerated growth trajectory. 

This difference could be attributed to a difference in the complexity of formulas (see Section 
8.1.2 for details). Moore et al. (2015) calculated the maturity offset based on age and standing 
or sitting height, while Mirwald et al. (2002) set up a more complex formula including multiple 
variables (i.e., standing height, sitting height, leg length, body mass, & age) while also giving 
age a less central role. Positive effects of growth delay on test performance could be explained 
by negative effects of skeletal growth discussed above. This means that children who enter the 
growth spurt later relative to their age experience fewer adverse effects of skeletal growth. One 
possible explanation could be that age, compared to skeletal growth, might be a better proxy 
for maturity- and other growth-related processes that improve fitness performance, such as 
muscle growth (G. P. Beunen et al., 2006). However, age-related improvements in physical 
fitness might also be influenced by social aspects related to age. Age, for example, regulates 
access to spaces that provide physical fitness services, such as school enrollment (Fühner et 
al., 2022) or access to organised sports facilities (Deprez et al., 2013; Lovell et al., 2015). 
Another example would be that all physical fitness recommendations in sport science include 
age-specific recommendations (Benjamin & Glow, 2003; Bull et al., 2020), which in turn are 
used to develop organised sport programs and curricula for physical education. This would 
mean that the environment might at least partially determine the magnitude of age-related 
effects on physical fitness (as argued in the previous chapter in the context of the positive 
correlation of individual levels of overall physical fitness and age-related improvements; see 
Section 4.5). Thus, age-related physical fitness improvements in children should be considered 
in context of growth processes, such as tissue growth, as well as the social environment 
available to children depending on their age. 
LMMs also revealed gender differences, with girls performing better in 20 m sprint (in the 
model using Mirwald’s estimate) and 6 min run (both models). Differences in outcome between 
both LMMs could be attributed to both maturity offset formulas comprising different gendered 
estimates, which presumably behave differently in the LMM approach. The direction of these 
findings contradicts current evidence for children, according to which boys tend to perform 
better than girls, as was found in children from the EMOTIKON sample (Fühner et al., 2021, 
2022; Teich et al., 2023). A common argument for gendered physical fitness differences with 
better performance in girls compared to boys is that girls enter growth spurt and achieve age at 
peak height velocity two years earlier than boys (Malina, 2004) (see e.g. Fühner et al. (2022) 
analysis of older than key-age children in terms of 20 min sprint performance). This argument 
would fit the distribution of maturity offsets between girls and boys, as maturity offset is on 
average ~1 year closer to age at peak velocity for girls than for boys (i.e., Mirwald: girls = -1.6 
± 1 & boys = -2.7 ±.8 years; Moore: girls = -1.8 ± .9 & boy = -2.7 ± .7 years). However, this 
argument would contradict results for growth delay, where greater growth delay leads to better 
physical fitness performances, identifying the growth spurt and associated growth-related 
changes as detrimental to 6 min run performances. This means that girls’ performances tend to 
stagnate or decline as they progress through growth spurt towards age at peak height velocity. 
Accordingly, another possible explanation could be that gendered differences in physical 
performance vary for children with deficits in physical performance. While there is ample 
evidence of physiological and social benefits for regularly fit boys compared to girls, such as 
better oxygen utilisation (Armstrong & Welsman, 2007; Tomkinson et al., 2018), higher 
muscle mass (Kanehisa et al., 1995; Malina, 2004), easier access to sport (Haywood & 
Getchell, 2014), and gender-specific self-perceptions and perceptions of sport through parents 
(Fredricks & Eccles, 2005), these factors may not affect children with deficits in physical 
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fitness in a similar way. Accordingly, further research is needed to assess gender differences 
and their origins across the whole spectrum of physical fitness. 
Finally, the inclusion of relative growth and growth delay as individual variance components 
allowed for an assessment of individual differences and their correlations. Considering age-
related effects to be driven by anthropometrical growth-related changes (see Section 4.5), a 
positive correlation would have been expected for relative growth as well. Contradictory to this 
expectation, a negative correlation was found for overall physical fitness and growth-delay 
effects but no correlation for overall physical fitness and relative-growth effects. Additionally, 
a negative correlation between individual relative-growth and growth-delay effects was found, 
meaning that children with greater relative growth-related effects tend to show smaller growth-
delay-related effects and vice versa. This could further underline potential adverse effects 
associated with skeletal growth discussed above and might reemphasize social components to 
drive positive effects associated with age on physical fitness discussed in Section 4.5 and 
Section 7.3. Further, considering only children with physical fitness deficits in their growth 
spurt before age at peak height velocity were included, these correlations might be specific to 
this period as well as the physical fitness level of the included children. Accordingly, further 
research is needed to explore the impact of different growth as well as maturity-related 
processes on development of physical fitness in children and their physical fitness levels. 

5.7 Subsequent analyses 

The following Chapter 6 is concerned with a different aspect of physical fitness. Utilising the 
multiple assessment for each child at each assessment in the Simon task (i.e., 60 data points 
each), the effects of physical fitness on executive function assessed using the Simon task were 
analysed. Implementing a LMM approach, the large number of measurements allowed to assess 
the effects of physical fitness on variance in the Simon task as well as accounting for individual 
differences in the effects of different physical fitness tests on Simon task reaction times. 
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6 Quasi-experimental effects of physical fitness on reaction time in 

a Simon task 

6.1 Introduction 

Due to the unique data assessment in the SMaRTER study, where physical fitness information 
of children physical fitness deficits were obtained alongside a large quantity of executive 
function measurements in the Simon task. This data structure allowed for a detailed analysis 
approach which assessed how the different components of physical fitness might moderate 
Simon task reaction time. Further, as multiple assessments were available for each child, an 
approach assessing individual differences in these moderations was feasible. Accordingly, this 
chapter is concerned with the effects of EMOTIKON fitness tests on Simon task reaction time, 
further elucidating individual differences in these effects. 

6.2 Statistical analysis 

The central variable of this analysis is reaction time in the Simon task, where side (i.e., right or 
left side of the screen), colour (i.e., red or blue stimuli), or congruence (i.e., stimuli were on 
the same or opposite side of the correct answer button) of the stimulus were manipulated. 
Performance in 6 min run, 20 m sprint, star run, standing long jump, ball push test, and one leg 
balance were used as covariates. In addition, age of participants and gender were included as 
covariates. For details on pre-processing of physical fitness data, see Section 8.1.4 and for age 
data, see Section 8.1.2. As far as reaction times are concerned, only correct responses in the 
range of 500 to 10000 ms were taken into account. A Boxcox distribution analysis of reaction 
times (Box & Cox, 1964) suggested a reciprocal transformation to response speed [speed = 
1000/reaction time] to obtain normally distributed model residuals (see Figure 6.1). There was 
a strong general trend in speed over time for congruence, side, and colour (see Figure 6.2). 
Model fitting followed a parsimonious approach (D. M. Bates et al., 2018) and occurred in two 
steps. In the first model, the main effects congruence, side, and colour were included as fixed 
effects together with the covariates age and gender. Reliable fixed effects were entered into the 
individual random effects structure to account for variance between individuals. After selecting 
a model based on this specification, 6 min run, star run, 20 m sprint, standing long jump, ball 
push test, and one leg balance were added to the fixed effects. As with the base model, the 
reliable fixed effects were entered into the individual random effects structure to elucidate 
individual differences in the association between executive function and physical fitness 
components. Contrasts for congruence, side, colour, and gender were set using the 
‘EffectsCoding’-command from the MixedModel package in Julia. Model diagnostics for the 
distribution of variance components in the random effect structure in the fitted models were 
based on qq and caterpillar-plots and are reported in the results. 
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Figure 6. 1: Box-Cox distribution of reaction time and histograms of reaction speed 

 
Figure 6. 2: Development of response speed for main effects in the Simon task across all assessments 

6.3 Simon Task  

6.3.1 Model fitting 

Model selection is documented in Section 9.1.1. The final model was fitted with congruence, 
side, colour, age, and gender as fixed effects and variance components for grand mean, 
congruence, side, colour, and age in the random effect structure for each child. Correlation 
parameters were estimated for age and the three experimental effects of congruence, side, and 
colour. 

6.3.2 Results 

6.3.2.1 Fixed effects 

The LMM for response speed in the Simon task revealed the expected effect of responding 
faster to congruent trials compared to incongruent ones (congruence: β = .029; SE = .003; z = 
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11.39; p < .001). Responses were also faster on the right than on the left side (side: β = -.005; 
SE = .002; z = -1.99; p = .046). The effect of colour was not significant. As for the covariates, 
reaction time increased significantly with age (age: β = .136; SE = .009; z = 15.59; p < .001) 
and boys showed a faster response speed compared to girls (gender: β = .04; SE = 0.016; z = 
2.5; p = .012). The effects are shown in Figure 6.4 and reported in Table 6.1. Of note, depicting 
effects for side, across age and gender visualised a potential interaction for side and age. 
However, during the model selection process interactions between main effects with age and 
gender did not significantly improve the models fit and thus were not included in the final 
model. Means and standard deviation of included variables are displayed in Section 9.1.1.2. 

 
Figure 6. 3: Depiction of effects of Congruence, Side, age, and gender in Simon task reponse speed 

Table 6. 1 : Fixed effects of the Simon Task main effects, age [a1], and gender 

Name Est. SE z p 
Grand mean 0.987 0.018 56.1 <0.001 
Congruence: con 0.029 0.003 11.4 <0.001 
Side: right -0.005 0.002 -2.0 0.049 
Colour: red 0.005 0.003 1.7 0.096 
a1 0.136 0.009 15.6 <0.001 
gender: boy 0.04  0.016 2.5 0.012 
 

6.3.2.2 Variance components and correlation parameters 

Reliable individual differences were found for the three experimental effects. Moreover, some 
of them correlated with each other. Specifically, effects of colour and congruence correlated 
with r = -.41, meaning that children who were more affected by congruence being less affected 
by different colours. Colour and side effects correlated with r = -.58, meaning that children 
who exhibited a larger Colour effect tended to exhibit a smaller Side effect on their reaction 
speed. Note that there are significant correlation parameters associated with the colour effect, 
although the fixed effect of colour was not significant. This can be explained by the fact that 
individual differences in the colour effect cancelled each other out in the overall effect. 
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Variance components and their correlations are reported in Table 6.2 and depicted in Figure 
6.4. 
Table 6. 2: Random effects of the Simon Task main effects and age [a1] 

Groups Name Var SD Corr    
Child Grand mean 0.15 0.023     
 a1 0.067 0.004 0.303    
 Congruence: con 0.016 0.0 0.019 0.14   
 Side: right 0.012 0.0 -0.093 0.197 -0.17  
 Colour: red 0.023 0.001 -0.386 0.132 -0.413 -0.576 
Residual  0.24 0.058     

 

 
Figure 6. 4: Visual depiction of correlations of individual Simon task variance components 

6.3.2.3 Model performance 

A qq-plot and qq-caterpillar-plot (see Figure 6.4) of the LMM showed no outliers in the model 
residuals and residuals of the random effect structure of Child. 
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(a) qq-plot (b) qq-caterpillar-plot 

Figure 6. 5: Model diagnostics for m2 

6.4 Simon Task x EMOTIKON 

Using the previous LMM as a foundation, EMOTIKON Tests were included as fixed effects 
and as individual variance components. 

6.4.1 Model fitting 

The model selection process is documented in Section 9.1.2. The final LMM was fitted with 
Congruence, Side, Colour, age, gender, 6 min run, star run, and one leg balance test as fixed 
effects and with variance components for Grand Mean, Age, Congruence, Side, Colour, one 
leg balance, star run, and 6 min run in Child’s random effects structure. 

6.4.2 Results 

6.4.2.1 Fixed effects 

As reported above, the LMM revealed expected faster responses in the Simon task for 
congruent than incongruent trials (congruence: β = .029; SE = .003; z = 11.42; p < .001). 
Effects of side and colour were not significant with EMOTIKON covariates in the model. As 
before, older children responded faster than younger children (age: β = .136; SE = .01; z = 
11.77; p < .001). 
The main interest was in effects of physical fitness test performances on response speed and 
their interactions with Simon task reaction speeds. None of these effects were significant (see 
Table 6.3). 

However, we noticed that there was a negative association with 

• 6 min run (β = -.011; SE = .005; z = -2.37; p = .018), and positive association with  
• One leg balance (β = .013; SE = .003; z = 4.67; p < .001), and 
• Star run (β = .023; SE = .005; z = 4.74; p < .001), 

when the three tests were not included in the random effects for Child (see Section 9.1.2.1 for 
complete documentation). Means and standard deviation of included variables are displayed in 
Section 9.1.2.2. 
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Table 6. 3: Fixed effects of the Simon Task main effects, 6 min run [Run], star run [Star_r], one leg 
balance [OLB_l], age [a1], and gender 

Name Est. SE z p 
Grand mean 1.009 0.029 35.3 <0.001 
Congruence: con 0.029 0.003 11.4 <0.001 
Side: right -0.004 0.002 -1.8 0.073 
Colour: red 0.005 0.003 1.7 0.097 
a1 0.136 0.012 11.8 <0.001 
gender: boy 0.022 0.019 1.1 0.269 
Run 0.004 0.02 0.2 0.86 
Star_r 0.032 0.021 1.6 0.117 
OLB_l -0.004 0.014 -0.3 0.773 
 

6.4.2.2 Variance components and correlation parameters 

There were individual differences in the effects of age, Colour, Side, and Congruence, and for 
performance in the three EMOTIKON tests (6 min run, star run, and one leg balance) on 
response speed in the Simon task. Correlation parameter of the previous model were replicated 
(with slightly larger magnitudes, see Figure 6.4). There were also a relevant positive correlation 
between the grand mean and 6 min run effects (r = .45), a negative correlation between effects 
of age and star run (r = -.4), and negative correlation between effects of 6 min run and star run 
(r = -.46). As shown in Figure 6.6, children with a higher 6 min run effect had faster reaction 
times. Children with a higher star run effect on response speed had a smaller age effect, and 
children with a higher 6 min run effect tended to have a lower star run effect on response speed. 
Variance components and their correlations are reported in Table 6.4. 
Table 6. 4: Random effects of the Simon Task main effects, 6 min run [Run], star run [Star_r], one leg 
balance [OLB_l], age [a1], and gender 

Groups Name Var SD Corr       
Child Grand mean 0.215 0.046        
 a1 0.077 0.006 0.08       
 Congruence: con 0.016 0.0 0.309 -0.112      
 Side: right 0.012 0.0 0.153 -0.407 0.147     
 Colour: red 0.024 0.001 -0.047 -0.661 -0.166 0.1    
 Run 0.147 0.022 -0.118 0.454 0.215 0.06 -0.226   
 Star_r 0.15 0.023 0.259 0.08 -0.398 -0.469 -0.107 -0.002  
 OLB_l 0.106 0.011 -0.071 0.23 0.073 -0.185 -0.051 -0.097 -0.16 
Residual  0.054 0.054        
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Figure 6. 6: Visual depiction of correlations of individual EMOTIOKON tests variance components 

6.4.2.3 Model performance 

A qq-plot and qq-caterpillar-plot (see Figure 6.7) of the LMM showed no outliers in the model 
residuals and residuals of the random effect structure of Child. 

  

(a) qq-plot (b) qq-caterpillar-plot 

Figure 6. 7: Model diagnostics for m8 

 

6.5 Summary of results 

6.5.1 Fixed effects 

Assessing the interrelations of physical fitness and executive function in children with deficits 
in their physical fitness, the main findings of both LMMs were (1) consistent congruence 
effects, with faster responses in congruent trials compared to incongruent trials, (2) consistent 
age and gender effects, with reaction speed increasing with age and being faster in boys 
compared to girls, and (3) a significant side effects, with faster response speeds on the left side 
compared to the right 
The LMMs including the EMOTIKON tests revealed (4) significant positive effects for one 
leg balance and star run performances and a significant negative effect for 6 min run 
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performances on Simon task response speed, when individual differences in these tests were 
not accounted for. 

6.5.2 Variance components and correlation parameter 

Both LMMs revealed the Simon task main effects to be relevant individual variance 
components and further revealed (5) a negative correlation for colour and congruence effects, 
indicating that children who were more affected by the congruent condition were less affected 
by different colours in their response speed, and (6) a negative correlation for colour and side 
effects, indicating that children who’s Simon task speed was more affected by the side 
condition were less affected by different colours. 
The LMM including EMOTIKON tests in the random effect structure of the children further 
showed 6 min run, star run, and one leg balance test to be relevant individual variance 
components and additionally showed (7) a positive correlation between grand mean and 6 min 
run effects, indicating children with a larger 6 min run effect had faster overall response speeds, 
(8) a negative correlation between star run and age effects, indicating that children with a larger 
star run effect had a smaller age effect, and (9) a negative correlation between 6 min run and 
star run effects, indicating that children with a larger 6 min run effect had a smaller star run 
effect. 

6.6 Discussion 

The significant effects for congruence, meaning faster response speeds for congruent compared 
to incongruent conditions, as well as overall improvements in response speed with age were 
consistent with current literature on Simon task performances in children (Davidson et al., 
2006). A likely cause of congruence effects is the tendency to respond on the same side as the 
stimulus (Valle-Inclán, 1996), which is the dominant response that must be suppressed or 
inhibited to correctly identify incongruent stimuli (Bastian et al., 2016; Hilchey & Klein, 2011), 
causing a delay in response time. The improvement in reaction speed with age could be 
explained by growth- and maturity-related changes of physiological and psychological 
conditions that play a role in the Simon task, such as reaction to appearance of the stim- ulus 
with subsequent identification or execution of the respective motor response (Chan et al., 
1991). Other aspects to consider are cultural and learning aspects associated with the task, such 
as increasing familiarity with a tablet, as well as learning from repeated test execution (S. C. 
Li et al., 2004). 
Moreover, the first LMM showed effects for side and gender, with faster reaction times for 
boys compared to girls and for the left side compared to the right. As mentioned in Section 
2.4.3, Simon task conditions were biased towards the left side (i.e., 40 left and 20 right), which 
may have biased children to pay more attention to the left side and thus achieving faster reaction 
speeds for stimuli appearing there. Another influence could result from general prevalences of 
right-handedness (Papadatou-Pastou et al., 2020) (handedness was not assessed in the 
SMaRTER study), as children may have covered parts of the right side of the screen with their 
right hand hovering above it in order to react quickly to presented stimuli. This could have 
shifted their attention more towards the left side. Interestingly, Figure 6.2 and Figure 6.3 show 
a possible interaction between side/colour and age, with a shift in side/colour occurring 
between t3 and t6, which frame the onset of the covid pandemic. However, since interactions 
were not included in the model, these results are not further discussed. In terms of gender, a 
study examining effects of different conditions of task switching using Simon task variations 
in 325 children aged 4 to 13 years found no gender differences for any conditions examined 
(Davidson et al., 2006). One possible reason for gendered differences found in this analysis 
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might be a gendered upbringing where, for example, boys are more fixated on technical toys 
compared to girls (Todd et al., 2017). However, interpretation of gender differences in 
cognition must be done with caution, considering that the established field of gender 
neuroscience seems to be biased by the assumption of a “biological binary gender distribution” 
(R. M. Jordan-Young, 2010) and gender effects (as well as effects for side) did not remain 
significant when physical fitness components were entered into the model. 
In both LMMs, correlations of individual variance components for colour and congruence 
effects as well as colour and side effects were negative. Since reaction speeds were faster for 
red as well as congruent stimuli, this correlation suggests that children who have slower 
reaction speeds in the incongruent condition (compared to the congruent condition) have faster 
reaction speeds for the blue stimulus (compared to the red stimulus). In other words, children 
who have greater cognitive flexibility (i.e., lower congruence effects) tend to have faster 
reaction times to red stimuli (i.e., larger colour effects). Studies have found faster reaction times 
for red stimuli compared to blue or grey stimuli across a range of cognitive assessments (Elliot, 
2019; Elliot & Aarts, 2011), though they appear to vary depending on conditions like difficulty 
and type of cognitive task in which they were assessed (Elliot, 2019; Xia et al., 2016). 
Accordingly, since no significant main effect for colour was found in any of the models, this 
could imply that the colour effect might have been “overshadowed” or “swallowed” by the 
congruence effect. A similar dynamic could have caused the correlation of the individual 
variance components colour and side. However, this effect could also have been caused by the 
already mentioned skewness of the Simon task in favour of left stimuli. 
Including 6 min run, star run, and one leg balance in the fixed effects revealed positive effects 
on reaction speed for star run and one leg balance performances and a negative effect of 
reaction speed for 6 min run performance. As star run and one leg balance are both tests placed 
in the coordinative domain of physical fitness, they are expected to involve cognitive aspect 
which might also have beneficial effects on reaction speed. Thus, the positive effect of star run 
and one leg balance performances on Simon task reaction speed are consistent with recent 
findings (Haverkamp et al., 2021; Marchetti et al., 2015; Niet et al., 2014). The negative effect 
of 6 min run performances on reaction speeds in the Simon task on the other hand were in the 
opposite direction than expected (Hillman et al., 2009; Kvalø et al., 2019; Niet et al., 2014). 
However, these fixed effects could not be replicated in a model in which individual variance 
of these tests was accounted for. 
The inclusion of physical fitness tests as individual variance components revealed a positive 
correlation between overall reaction speed and 6 min run effects, showing that children who 
elicit greater 6 min run effects also tend to have faster overall reaction speeds. This could be 
explained by structural changes in the brain induced by higher levels of cardiorespiratory 
fitness associated with improvements in executive function (Chaddock et al., 2011, 2012; 
Chaddock-Heyman et al., 2014; Cotman et al., 2007, 2007; Hillman et al., 2008; Tyndall et al., 
2018). It is also possible that faster reaction speed signifies enhanced executive functions that 
are associated with improved pacing, thereby linking better executive functions to improved 6 
min run performance (Hyland-Monks et al., 2018). In addition, the direction could be 
moderated by the social environment, as environments that support physical activity or provide 
better access to increase cardiorespiratory fitness also provide better access to cognitive 
engagement (Brockman et al., 2009). 
A negative correlation was found between star run and 6 min run effects on reaction speed, 
which means that children with a larger 6 min run effect are more likely to have a smaller star 
run effect and vice versa. This might suggest that there are different aspects associated with 6 
min run or star run performances that promote executive function but might inhibit each other. 
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Even if a trade-off may be possible between the above-mentioned neurophysiological changes 
associated with either cardiorespiratory fitness or coordinative aspects that are present in star 
run but not in 6 min run (such as improved cerebellar activation and excitability (Diedrichsen 
et al., 2007)), it seems unlikely that these aspects have mutually exclusive structure in their 
effect on reaction speed. Other possible explanation could therefore be that, on one hand, 
physiological changes associated with high physical activity and thus better 6 min run have a 
positive effect on executive functions (Hillman et al., 2005, 2009). While on the other hand, 
children with low levels of physical activity might be more likely to be invested in sedentary 
activities such as computer games, which are beneficial for development of executive functions 
(Nuyens et al., 2019). This is then positively related to faster reaction times in the Simon task 
as well as improved star run performance, but may show no connection to 6 min run 
performances or its effect on reaction speed. Another aspect to consider at this point is that the 
negative correlation between 6 min run and star run effects could be caused by covid pandemic-
related changes in daily life, as habitual physical activity likely decreased and screen time 
increased during the last two assessments (Nagata et al., 2020; S. C. E. Schmidt et al., 2020, 
2022). Note that these effects were not examined due to large dropouts in both assessments 
during the pandemic (see Section 2.6). 
Similarly, these interdependencies may also account for the negative correlation between 
individual variance components found for age and star run effects on reaction speed, meaning 
that children with greater age-related improvements in reaction speed tend to have a smaller 
star run-related improvements. It should be noted that both age and star run have a positive 
effect on individual reaction speed and accordingly influence each other in magnitude rather 
than direction. Here too, changes in daily life associated with the covid pandemic may have 
negatively influenced the magnitude of 6 min run effects through reduced physical activity, 
while increased screen time may have promoted age-related improvements in the Simon task 
linked to familiarity with computer interfaces, as well as improved executive functions (Kovacs 
et al., 2022). Considering the impact of lockdown measures in the analysis, inferences should 
also be made about SARS-CoV-2 infections, especially in light of accumulating evidence 
linking SARS-CoV-2 infections and post-covid symptoms with cognitive impairments such as 
cognitive deficits, executive dysfunction, increased risk of seizures, and others (Hall et al., 
2022; Taquet et al., 2022; Yea et al., 2023). Although these more severe impairments are 
comparatively rare in infected children, they suggest that SARS-CoV-2 infections could affect 
cognitive development in children. The decline in comprehensive testing for SARS-CoV-2 
infections (MBJS, 2022c, 2022d) combined with the higher prevalence of asymptomatic 
infections in children (Ravindra et al., 2022) allows speculation about possible SARS-CoV-2-
related cognitive shifts in youth populations. However, these effects are still unclear today and 
need to be clarified in future research. 
Overall, these results underscore the relationship between physical fitness and executive 
function in children, as well as considerations of individual differences in these relationships. 
However, since comparable information is scarce, the question arises whether these 
correlations only exist in children with physical fitness deficits or whether they can be 
extrapolated to physically fit children. More specifically, how different aspects of physical 
fitness (e.g., different components and their levels) are related to children’s executive function, 
and how these relationships are associated with the lived environment and socioeconomic 
conditions. 
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7 Socioeconomic context, Conclusion, and Outlook 

7.1 Synopsis of results 

The results of the analyses conducted in this thesis can be summarised as follows: 
(1) No evidence was found for the effects of 14 weeks of additional physical education on 
physical fitness and executive functions in children with deficits in their physical 
fitness. The lack of detectable intervention-related effects might have been influenced 
by an insufficient intervention duration. In addition, interventions that are tailored to a 
specific component of physical fitness, rather than comprehensive exercises that 
encompass multiple components, might lead to detectable improvements in physical 
fitness, even in interventions with comparatively shorter durations. Finally, more 
insight is needed into how physical fitness behaves in children with physical fitness 
deficits, what the possible causes of these deficits are, and how these causes can be 
translated into meaningful interventions to improve children’s physical fitness and 
health. 

(2) Larger body height is associated with better physical fitness performances, while an 
increase in body mass has negative effects on performances in tests where body mass 
is used directly, but seems to be beneficial when it can be used as a counter mass. While 
body mass index (BMI) is predominantly used in exercise research as a proxy for 
overweight/obesity, the use of the composite score may conceal a more complex and 
interactive set of variables that influence physical fitness. As these appear to vary 
between the different components of physical fitness, these relationships should be 
explored in future research. 

(3) Relative growth seems to have an overall positive effect on physical fitness, with the 
exception of cardiorespiratory fitness, where even negative effects are observed. 
Furthermore, delays in growth trajectories seem to be beneficial, especially for 
cardiorespiratory fitness. This could indicate possible adverse effects of skeletal growth 
that seem to be specific to certain components of physical fitness and appear to be more 
pronounced in children with lower relative-growth or age-related improvements in 
physical fitness. Therefore, further research is needed to clarify the role of age and 
growth-related effects on different components of physical fitness and their correlates. 

(4) 6 min run, star run, and one-leg balance performances only show effects on reaction 
speed in the Simon task when individual differences are not accounted for. However, 
accounting for individual variance revealed that the effects of 6 min run and star run 
appear to be in polar domains affecting executive function. This could be explained by 
differences in daily life that either emphasise physical and cognitive engagement or 
promote cognitive but not physical engagement. However, further research is needed 
to elucidate the links between physical fitness and executive function, taking into 
account the children’s social circumstances and daily life, as well as individual 
differences. 

7.2 Discussion of the aims of the SMaRTER study 

The central aim underlying the analyses carried out in this thesis was described in Section 2.1 
as: 
Analysis of the short-, mid-, and long-term intervention effects of a remedial physical education 
intervention in third grade children with deficits in their physical fitness. 
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Following the discussion on the lack of evidence for intervention-related effects in the 
SMaRTER study in Section 3.7, further studies on fitness component-specific and dose-
dependent physical education-based fitness interventions are needed. These studies would 
allow a more informed approach to the development of a physical education curriculum for 
third and fourth grade children with physical fitness deficits, which was defined as the main 
objective of the SMaRTER study. However, there would be merit in reconsidering the 
assumption that children with physical fitness deficits have ”untapped potential” that can be 
realised through additional exercise. A comparable approach implemented in 
FITNESSGRAM® identified the physical fitness of children within a ”Healthy Fitness Zone”, 
”In Need of Improvement”, or ”In Need of Improvement - Health Risk” based on cut-off values 
with a high probability of a successful identification of metabolic syndrome101. Implemented 
physical fitness tests focused on aerobic capacity102,muscular fitness/mobility103, and 
anthropometric information104. Based on test-specific cut-off values, the programme suggests 
that children are classified as ”fit” if they are in the ”Healthy Fitness Zone” in 5 out of 6 tests 
(or, without anthropometric information, in 4 out of 5 tests) (Cureton et al., 2013). In 
implementing this approach, a study investigating the relationship between physical fitness105 
and scores on two academic achievement tests106 within two cohorts107 in 2002/03 and 2007/08 
identified four groups of children: Those who were (1) assessed as ”fit” in two consecutive 
years, (2) assessed as ”fit” in the first year only, (3) assessed as ”fit” in the second year only, 
and (4) not assessed as ”fit” in any year. Implementing this approach, a study assessing physical 
fitness108 associations with scores in two academic performance tests109 within two cohorts110 
in 2002/03 and 2007/08 identified four cluster of children: (1) score as ”fit” in two consecutive 
years, (2) score as ”fit” in the first year only, (3) score as ”fit” in the second year only, and (4) 
score as ”fit” in none of the years. They found that children who were not categorised as ”fit” 
in both years performed worse in both academic tests than the other three groups. They also 
found that socioeconomic factors moderated the correlation: Children from lower 
socioeconomic backgrounds, such as those eligible for free or reduced-price lunch, those from 
ethnic minority backgrounds, or those whose parents did not graduate from high school were 
more likely to score lower on both academic tests (London & Castrechini, 2011). Similariy, a 
study examining the relationship between socioeconomic status and reaching the ”Healthy 
Fitness Zone” found that boys111 from more vulnerable socioeconomic positions112 were more 
likely to fail the ”Healthy Fitness Zone” for curl-ups, while girls113 from more vulnerable 
socioeconomic positions were more likely to fail several ”Healthy Fitness Zones” (i.e., body 
mass index, pacer labs, curl-ups, push-ups, and sit-and-reach) (Bohr et al., 2013). Another 
study that cross-sectionally examined the prevalence of 5,613,228 4th-12th grade students who 
met or did not meet several ”Healthy Fitness Zones” (i.e., PACER labs, push-up and curl-up 
test) from 2006/07 to 2016/17 and their moderation through different types of discrimination. 
They found that the proportion of children meeting ”Healthy Fitness Zones” increased overall 
over time, across all gender and racial/ethnic subgroups. However, the analysis revealed 
differences between gendered and/or racial/ethnic subgroups: Boys achieved more ”Healthy 
Fitness Zones” compared to girls, and white children achieved more ”Healthy Fitness Zones” 
compared to Hispanic and/or black children, with Hispanic and non-Hispanic black girls 
achieving the lowest scores. Further, they could show the differences between gender and 
racial/ethnic subgroups widening over time between cohorts. In addition, their analysis of home 
neighbourhood socioeconomic status114 revealed that the proportion of children who do not 
reach the Healthy Fitness Zones increased as the percentage of households below the poverty 
line in the neighbourhood increased (Konty et al., 2020). 
At this point, it is important to consider that the associations between socioeconomic status and 
physical fitness deficits are not solely momentary assessments. Living and growing up in 
poverty has been shown to have cumulative effects that moderate children’s morbidity and 
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cognitive and socio-emotional development (Evans, 2003). For example, a study analysing the 
associations between body mass index and a cumulative poverty risk factor115 in 329 
adolescents born between 1983 and 1990 and interviewed at the ages of 9, 13 and 17 revealed 
a positive association between body mass index and cumulative poverty risk score, with 
children who spent their entire lives in poverty having a higher risk of being overweight (Wells 
et al., 2010). Incorporating these associations into the scientific foundation of the research 
question would reframe the understanding of the ’untapped potential’ hypothesis. To improve 
physical fitness in children with physical fitness deficits, interventions would need to consider 
current socioeconomic individual and community positions and any potentially related 
moderators of physical fitness as well as their cumulative characteristics during childhood 
development to date. Accordingly, the next chapter reviews and discusses the available 
socioeconomic information from the SMaRTER sample and the evidence for associations 
between physical fitness and socioeconomic moderators. 

7.3 Discussion of socioeconomic context 

In Section 2.5.2 socioeconomic information of the children was described and showed children 
where income information were available (i.e., 46 out of 76), to be predominantly placed in 
households having below-average income per capita. It should be noted, socioeconomic 
information was not part of the inclusion criteria, it is, however, striking that filtering for 
physical fitness deficits shows a strong bias towards below-average income. This bias agrees 
with findings of Tomkinson et al. (2019) that show international secular trends in shuttle run 
performance to be positively correlated with progression of the Gini index towards income 
equality (see Section 1.1.3.1 for details). Assuming that financial costs of a healthy lifestyle 
are based on the population average income of a country or region, and considering the Gini 
index as a measure of overall societal participation in such an active lifestyle, children’s 
physical fitness (or at least certain subcomponents such as cardiorespiratory fitness) could be 
strongly related to family income. This relationship is further strengthened by interrelation 
between physical fitness and weight status, which also moves along socioeconomic lines (see 
Section 1.2) and which also showed positive but weak effects of physical fitness interventions 
(see Section 1.4.2). Taking these associations into account would allow for a more 
contextualised evaluation of previously discussed results. 
This, for example, allows for a different contextualisation of the lack of intervention effects in 
the SMaRTER study (see Chapter 3), coupled with overall small and infrequent evidence for 
improvements of cognition and physical fitness associated with qualitative school-based 
physical fitness interventions at post assessments (Garciá-Hermoso et al., 2021; García-
Hermoso et al., 2020) and at follow-ups (Jurak et al., 2013; Lai et al., 2014). If children’s 
physical fitness deficits are caused or at least moderated by low income or lack of resources 
(as discussed in the chapter above), then physical education or school-based interventions that 
do not address or change socioeconomic conditions of children’s families would always fall 
short of making meaningful changes in children’s health status. Or to put it another way: 
Physical fitness interventions that are divorced from social change approaches to eradicate 
poverty only target the problem at the symptom level and will not be able change the overall 
trajectory of public (child) health. 
Effects of maturation and growth delay on physical fitness explored in Chapter 4 may be related 
to theories suggesting that psychosocial stress in a family due to insufficient financial resources 
or lack of father figures leads to a “faster reproductive strategy” that causes earlier 
maturation/puberty (Hochberg & Belsky, 2013; Oelkers et al., 2021). Accordingly, in addition 
to limited access to resources to promote physical fitness, the socioeconomic environment 
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would potentially influence the development of physical fitness by driving maturation/puberty. 
These advances could also affect skeletal growth, which in turn affects the development of 
physical fitness of children from lower income families differently than children from higher 
income families. 
With the positive correlation between children’s overall physical fitness and age-related effects 
found in Chapter 5 and the correlation between growth delay effects, maturation effects, and 
overall physical fitness in Chapter 4, moderating effects of socioeconomic background of 
families (Ma, 2000) and areas (Nieuwenhuis & Xu, 2021) were postulated. This would suggest 
that these associations are not only stable between families and areas across the whole 
socioeconomic spectrum, but are also present among children with low physical fitness from 
low-income families. Therefore, further research is needed to explore the impact of 
socioeconomic resources in families, areas, and schools in order to design meaningful 
interventions. 
This would also be consistent with results of the Simon task in Chapter 6, where a positive 
correlation of individual variance components was found between overall reaction speed in the 
Simon task and 6 min run effects. Due to social mechanisms such as gentrification in the Berlin 
area (Borck & Gohl, 2021), higher income families tend to live in higher income 
neighbourhoods, which results in unequal distributions of resources with more resources 
available in more affluent areas and schools. Accordingly, they can offer their children a more 
physically and cognitively engaging environment, which may explain the EMOTIKON 
findings that children living near Berlin have better physical fitness compared to children living 
further away (R. Kliegl & Teich, 2022). 
In addition, it should be noted that the impact of the covid pandemic was exacerbated in low-
income families and areas which faced higher rates of infection and mortality (Elgar et al., 
2020; Marmot & Allen, 2020), were associated with higher rates of pre-existing conditions 
(Heisig, 2021), had higher rates of job losses and income reductions and limited access to food 
and safe shelter (Wright et al., 2020), showed higher rates of financial stress (Ettman et al., 
2021), had higher rates of depression and anxiety during lockdowns (Fancourt et al., 2020), 
and higher rates of parenting stress and mental health problems (J. Li et al., 2022), to name a 
few. However detrimental effects of the covid pandemic on physical fitness seem to be larger 
in higher income areas. For example, Teich et al. (2023) found larger declines in “fitter” schools 
compared to “unfitter” schools. They argue that these effects are due to the unequal distribution 
of physical fitness resources before the pandemic. While disadvantaged children have fewer 
resources to mitigate the loss of structured physical activities, they also had less access to these 
activities before the pandemic. Thus, larger declines can be found in more affluent 
areas/schools as there is “more to loose”. 

7.4 Integrative perspective 

These findings allow to revisit the central question of the SMaRTER study: How to improve 
physical fitness in children who are the most at risk to develop adverse health effects? While 
literature assessing the effects of schoolbased interventions in the context of available family 
and community resources, such as family income (Ma, 2000; Tomkinson et al., 2019), or 
wealthy neighbourhoods/areas (R. Kliegl & Teich, 2022; Nieuwenhuis & Xu, 2021), is scarce, 
it seems evident that these parameters are central to children’s physical fitness trajectories. This 
would raise the question, how can school-based physical fitness interventions be structured to 
effectively improve physical fitness and by extension population health and quality of life? 
However, poverty is a necessary condition for capitalist and colonial mechanisms of resource 
distribution (Marx, 1955; Sullivan & Hickel, 2023), which use systems of oppression such as 
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racism and sexism to maintain social hierarchies (Mendívil & Sarbo, 2022). These systems of 
power create specific socioeconomic and cultural conditions that shape children’s and families’ 
environments and thus affect their health outcomes and life trajectories (see (Drewnowski & 
Eichelsdoerfer, 2010) for an analysis of the impact of poverty on obesity). Therefore, in order 
to develop meaningful interventions and policies need to take into account underlying 
socioeconomic conditions in order to improve public health and physical fitness. 
Further, as shown in Chapter 4 and Chapter 5, anthropometrical parameters of children as well 
as their progression through age and growth-related development play an essential role in the 
development of physical fitness. While these parameters individually have been rigorously 
studied, interactions between different growth-related parameters and their effects on various 
physical fitness components is not well researched to this date. Accordingly, more research 
endeavours developing methods to elucidate these interactions as well as assessing their effects 
on physical fitness components in children are needed. In accordance with the paragraph above, 
these effects need to be properly contextualised in their environmental, cultural, and 
socioeconomical circumstances. 
Finally, as shown in Chapter 6, multiple data points of the Simon task at any assessment 
allowed for a more detailed analysis and understanding of the interrelations of physical fitness 
and executive function through considering individual differences and variance. Accordingly, 
for future research endeavours assessing the interrelations of physical fitness and executive 
function and by extension any other potential correlates, individual differences and variance 
should be considered and integrated. 

7.5 Conclusion 

In conclusion, for the development of meaningful interventions of physical fitness, it is 
important to understand the relevance of the individual as well as environmental context that 
these interventions happen in. For the individual context, for example, the progression in 
growth and age and their interactions have shown to be relevant for developments of physical 
fitness. Regarding the environmental context, available resources such as income or time seem 
to be relevant causal moderators of physical fitness. These factors need to be considered in any 
assessment and integrated in interventions in order to achieve meaningful improvements in 
childrens physical fitness and general health. 
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Notes 

1 Kraus et al. (1954) was criticized for alleged weaknesses in their research design and too few fitness 
components  (i.e., flexibility and strength) (R. R. Pate, 1983). 

2 Relative leanness refers to the relation of lean body mass (i.e., weight of all body tissue except fat) to total 
body fat (Bubb, 1986). 

3 Including external stress as a determining factor allows to consider individual physical fitness and health in 
their socioeconomic conditions. Given associations of systematic social conditions with physical fitness (see e.g., 
Section 1.1.3.1 and Section 1.1.3.2) and weight status (see Section 1.2), this approach would allow these 
conditions to be taken into account when conceptualising research interests and developing policy guidelines. 

4 For a more detailed description and discussion of the approach of Bös et al. (2017) see Albrecht (Albrecht, 
2015). 

5 Due to this assumption, summaries of studies include information about implemented tests, either in text or 
in footnotes, to clarify respective framings of physical fitness. 

6 Processes towards a mature state can be defined as growing of breasts, pubic hair, and age of menarche in 
girls (Marshall & Tanner, 1969), and growing of genitalia and pubic hair in boys (Marshall & Tanner, 1970). 

7 Another common approach is to determine sexual maturity using five stages of maturity (so-called Tanner 
stages) by screening and classifying growth of breasts and pubic hair in girls and genitalia and pubic hair in boys 
(Marshall & Tanner, 1969, 1970; Tanner & Whitehouse, 1981). These have been heavily criticised for their 
invasive/intrusive nature and gender bias (G. P. Beunen et al., 2006; Cameron, 2012; Mirwald et al., 2002). For 
an account of ethical concerns with data collection (e.g., consent) and historical context of Tanner’s work on 
classifying maturity stages in children, see Roberts et al. (2016). 

8 The number of publications in which the terms ‘sex’ and ‘gender’ are implemented is increasing. However, 
there is a lack of clear definitions and concepts for these terms. For example, Tomkinson et al. (2019) examined 
international secular trends in cardiorespiratory fitness and reported on ‘sex’ specific trends and interactions. Their 
discussion then explored these differences in context of “gender equality policies and programmes”. However, in 
their publication they do not address differences in these concepts and their implications. 

 9 In their book “Atlas of Children’s Growth - Normal Variation and Growth Disorders”, Tanner and 
Whitehouse (Tanner & Whitehouse, 1981) classify children maturity according to their criteria, whereby children 
who can be easily classified according to their criteria are called “normal”. Deviations from criteria are classified 
as “disorders” (as the title suggests). Some of their “disorder” classifications are, for example, variations in 
chromosome composition XO (Turner syndrome), XXY (Klinefelter syndrome) or XXY (XYY syndrome). For 
an account of stigmatisation of ‘disorders’ and processes of sex determination, see Meyer-Bahlburg et al. (2016) 
and Lee et al. (2016). 

10 Dihydrotestosterone induces formation of external sex organs and is crucial for the development of the 
infantile penis (Sobel et al., 2004). 

11 Attribution in this context occurs within frameworks of a binary understanding and in absence of first-hand 
information about gender identity of the other. 

12 Additional information may be required, for example, from athletes, such as assessment of hormone levels 
or determination of chromosomal structures. Here, identification can be alongside or in opposition to the others 
identity, and in most legal systems a binary understanding of gender and sex is still upheld and enforced (R. 
Jordan-Young & Karkazis, 2019). 

13 For an intersectional and postcolonial analysis of recent discussions on hyperandrogenism among 
professional female athletes, see (Karkazis & Jordan-Young, 2018). 

14 In line with Lugones (Lugones, 2010), this placement can be within and outside the binary 
‘sex/gender/sexuality system’ (Seidman, 2009; Westbrook & Schilt, 2014). 

15 Cardiorespiratory fitness was assessed in cross-sectional studies using 20-m shuttle run in 1,026,077 
children from 30 European countries (Austria, Belgium, Bosnia and Herzegovina, Croatia, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Iceland, Italy, Kosovo, Latvia, 
Lithuania, North Macedonia, Norway, Poland, Portugal, Slovakia, Spain, Serbia, Slovenia, Sweden, Switzerland) 
aged 6 - 18.9 years from ~2000 to 2023 (Ortega et al., 2023), 20-m shuttle run in 22,048 Portuguese children and 
adolescents (11,373 girls; 10-18 years) in 2008 (R. Santos et al., 2014), 20-m shuttle run among 424,328 Greek 
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children and adolescents (49% girls; 6-18 years) in 2014 (Tambalis et al., 2016), 20-m shuttle run, 1 mile, 1/2 
mile and 1/4 mile run/walk in 2,752 Spanish children and adolescents (1,261 girls; 6-17.9 years) (Castro-Piñero 
et al., 2011), physical work capacity 170 static bicycle ergometer test in 3,742 German children and adolescents 
(50.1% girls; 4-23 years) from 2009 to 2013 (Niessner et al., 2020), 20-m shuttle run in 6,398 children from 
Sweden, Germany, Hungary, Italy, Cyprus, Spain, Belgium and Estonia (3,288 girls; 6-10.9 years) from 2007 to 
2008 (Miguel-Etayo et al., 2014), 1-mile run/walk in 3,804 Portuguese children (1,819 girls; 6-10 years) (Oliveira 
et al., 2014), 6-minute run in 108,295 German children (8-9 years) (Fühner et al., 2021), and a meta-analytic 
approach involving 15 studies of a 1.6-km run or a 20-m shuttle run in Australian children (5-18 years) from 1985 
to 2009 (Catley & Tomkinson, 2013). Longitudinal studies assessed cardiorespiratory fitness using 9-minute run 
in 240 German children (88 girls) aged 9-12 years in four consecutive annual assessments (Golle et al., 2014), 
assessment of maximal aerobic power in 65 children (34 girls) aged 8.4 to 12.4 years in five consecutive annual 
studies from 1969 to 1973 (Andersen et al., 1976), and also analysed in a review of longitudinal studies from 
Australia (3), Belgium (4), Canada (3), China (1), Denmark (4), Germany (10), England (3), Estonia (2), France 
(1), Greece (1), Japan (1), Luxembourg (1), Netherlands (1), New Zealand (2), Northern Ireland (1), Norway (1), 
Occupied Palestine (1), Portugal (1), Sweden (3), Switzerland (1), South Africa (1), and USA (1) (Albrecht, 2015). 

16 Muscular fitness was assessed in cross-sectional studies using hand grip strength in 747,966 children and 
standing long jump in 1,345,159 children from 34 European countries (Albania, Austria, Belgium, Bosnia and 
Herzegovina, Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, 
Hungary, Ireland, Iceland, Italy, Kosovo, Latvia, Lithuania, Luxembourg, North Macedonia, Netherlands, 
Norway, Poland, Portugal, Slovakia, Spain, Serbia, Slovenia, Sweden, Switzerland) aged 6 - 18.9 years from 
~2000 to 2023 (Ortega et al., 2023), ball throw, standing long jump, vertical jump, push-up, hanging with bent 
arm, pull-up, sit-up, curl ups in 30 seconds and curl up tests in 2,778 Spanish children and adolescents (1,265 
girls; 6-17.9 years) (Castro-Piñero et al., 2009), push-up and curl-up tests in 22,048 Portuguese children and 
adolescents (11,373 girls; 10-18 years) in 2008 (R. Santos et al., 2014), isokinetic peak concentric torque at 60 
and 180⁄sec of knee extensors and flexors and vertical jump height in 436 Swedish children (190 girls; 6-12 years) 
from 1999 to 2001 (Lundgren et al., 2011), standing long jump and sit-up test in 424,328 Greek children and 
adolescents (49% girls; 6-18 years) in 2014 (Tambalis et al., 2016), handgrip strength and standing long jump in 
3,804 Portuguese children (1,819 girls; 6-10 years) (Oliveira et al., 2014), sit-up and push-up tests and standing 
long jump in 3,742 German children and adolescents (50.1 % girls; 4-23 years) from 2009 to 2013 (Niessner et 
al., 2020), handgrip strength and standing long jump in 8,418 and 8,494 children from Sweden, Germany, 
Hungary, Italy, Cyprus, Spain, Belgium and Estonia (4,304 and 4,339 girls, respectively; 6-10.9 years) from 2007 
to 2008 (Miguel-Etayo et al., 2014), ball push test and standing long jump in 108,295 German children (8-9 years) 
(Fühner et al., 2021), and another meta-analytic approach with 15 studies examining basketball throw, push-up 
test, standing long jump, sit-up test and handgrip strength in Australian children (5-18 years) from 1985 to 2009 
(Catley & Tomkinson, 2013). Longitudinal studies assessed cardiorespiratory fitness using 1-kg ball throw test 
and triple hop test in 240 German children (88 girls) aged 9-12 years in four consecutive annual assessments 
(Golle et al., 2014), and also analysed in a review of longitudinal studies from Australia (3), Belgium (4), Canada 
(3), China (1), Denmark (4), Germany (10), England (3), Estonia (2), France (1), Greece (1), Japan (1), 
Luxembourg (1), Netherlands (1), New Zealand (2), Northern Ireland (1), Norway (1), Occupied Palestine (1), 
Portugal (1), Sweden (3), Switzerland (1), South Africa (1), and USA (1) (Albrecht, 2015). 

17 Sprint speed was measured in cross-sectional studies using 10 × 5 m pendulum running test in 424,328 
Greek children and adolescents (49% girls; 6-18 years) in 2014 (Tambalis et al., 2016), 40 m sprint test among 
6,398 children from Sweden, Germany, Hungary, Italy, Cyprus, Spain, Belgium and Estonia (3,288 girls; 6-10.9 
years) from 2007 to 2008 (Miguel-Etayo et al., 2014), 50-m sprint and 4 x 10-m shuttle run in 3,804 Portuguese 
children (1,819 girls; 6-10 years) (Oliveira et al., 2014), 20 m sprint in 108,295 German children (8-9 years) 
(Fühner et al., 2021), and a meta-analytic approach with 15 studies using 50-m sprint in Australian children (5-18 
years) from 1985 to 2009 (Catley & Tomkinson, 2013). Longitudinal studies assessed cardiorespiratory fitness in 
240 German children (88 girls) aged 9-12 years at four consecutive annual assessments using 50-m sprint (Golle 
et al., 2014), and furthermore, analysed in a review of longitudinal studies from Australia (3), Belgium (4), Canada 
(3), China (1), Denmark (4), Germany (10), England (3), Estonia (2), France (1), Greece (1), Japan (1), 
Luxembourg (1), Netherlands (1), New Zealand (2), Northern Ireland (1), Norway (1), Occupied Palestine (1), 
Portugal (1), Sweden (3), Switzerland (1), South Africa (1), and USA (1) (Albrecht, 2015). 

18 Flexibility was assessed in cross-sectional studies using modified Back Saver Sit and Reach Test in 22,048 
Portuguese children and adolescents (11,373 girls; 10-18 years) in 2008 (R. Santos et al., 2014), Sit and Reach 
Test in 424,328 Greek children and adolescents (49% girls; 6-18 years) in 2014 (Tambalis et al., 2016), sit and 
reach test in 3,804 Portuguese children (1,819 girls; 6-10 years) (Oliveira et al., 2014), Sit and Reach test in 3,742 
German children and adolescents (50.1% girls; 4-23 years) from 2009 to 2013 (Niessner et al., 2020), Back Saver 
Sit and Reach Test on 6,398 children from Sweden, Germany, Hungary, Italy, Cyprus, Spain, Belgium and Estonia 
(3,288 girls; 6-10.9 years) from 2007 to 2008 (Miguel-Etayo et al., 2014), and another meta-analytic approach 
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with 15 studies using sit and reach test in Australian children (5-18 years) from 1985 to 2009 (Catley & 
Tomkinson, 2013). Longitudinal studies assessed cardiorespiratory fitness in 240 German children (88 girls) aged 
9-12 years in four consecutive annual assessments using Stand and Reach Test (Golle et al., 2014), and also in a 
review of longitudinal studies from Australia (3), Belgium (4), Canada (3), China (1), Denmark (4), Germany 
(10), England (3), Estonia (2), France (1), Greece (1), Japan (1), Luxembourg (1), Netherlands (1), New Zealand 
(2), Northern Ireland (1), Norway (1), Occupied Palestine (1), Portugal (1), Sweden (3), Switzerland (1), South 
Africa (1), and USA (1) (Albrecht, 2015). 

19 Balance was assessed in cross-sectional studies using postural control with a one leg balance test and a 
blindfolded one leg balance test in 436 Swedish children (190 girls; 6-12 years) from 1999 to 2001 (Lundgren et 
al., 2011), static stance and backward balancing in 3,742 German children and adolescents (50.1% girls; 4-23 
years) from 2009 to 2013 (Niessner et al., 2020), and a one-leg balance test in 6,398 children from Sweden, 
Germany, Hungary, Italy, Cyprus, Spain, Belgium and Estonia (3,288 girls; 6-10.9 years) from 2007 to 2008 
(Miguel-Etayo et al., 2014). 

20 Several studies have used global as a description for trends (Tomkinson, 2007; Tomkinson et al., 2020; 
Tomkinson & Olds, 2007). However, as analysed data sets in these studies are heavily skewed towards European, 
North American, and Australasian countries, international was chosen to account for few/missing trends in South 
American, African, and Asian countries, as well as countries and areas outside these classifications (e.g., 
Peninsular, Arctic, and Antarctic). 
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21 

countries fitness tests number of 
children 

age 
range 
[years] 

time 
period 

citation 

Australia, Belgium, Canada, 
France, Greece, Italy, the 
Netherlands, Northern Ireland, 
Spain, USA, and Poland 

20 m shuttle run 129,882 
(63,079 
girls) 

6 to 19 1980 to 
2000 

(Tomkins
on et al., 
2003) 

Australia, Belgium, Bulgaria, 
Canada, China, Czech Republic, 
Estonia, Finland, France, Germany, 
Japan, Hong Kong, Hungary, 
occupied Palestine, Italy, Korean 
Republic, Lithuania, Mozambique, 
Netherlands, New Zealand, 
Northern Ireland, Poland, Russia, 
Singapore, Spain, Sweden, and 
USA, representing the geographical 
regions Africa/Middle-East (n = 
2,542), Asia (n = 23,741,524), 
Australasia (n = 144,110), Europe 
(n = 995,950), and North America 
(n = 304,068) 

20 m shuttle run, 5 
to 12 min runs, and 
300 to 2,414 m runs 

25,455,527 6 to 19 1958 to 
2003 

(Tomkins
on & 
Olds, 
2007) 

Australia, Belgium, Brazil, Canada, 
Estonia, France, Greece, Hungary, 
Italy, Japan, Lithuania, the 
Netherlands, Poland, Portugal, 
Seychelles, South Africa, Spain, 
UK, and USA 

20 m shuttle run 965,264 9 to 17 1981 to 
2014 

(Tomkins
on et al., 
2019) 

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

20 m shuttle run, 6 
to 12 min runs, 
1200 to 1600 m 
run, maximal cycle 
ergometer, PWC 
170 cycle 
ergometer, and a 
submaximal cycle 
ergometer test 

96,522 6 to 18 1972 to 
2015 

(Fühner et 
al., 2020) 
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22 

countries fitness tests number of 
children 

age 
range 
[years] 

time 
period 

citation 

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

leg lift, sit-up, 
push-up, bent arm 
hang, pull-up, arm-
pull, bench-press, 
or a two-hand lift 
test 

96,522 6 to 18 1972 to 
2015 

(Fühner et 
al., 2020) 

Australia, Belgium, Bulgaria, 
Canada, China, Estonia, France, 
Greece, Hong Kong, Italy, Japan, 
Mexico, Mozambique, Poland, 
Spain, Thailand, Turkey, UK, and 
USA 

hand grip strength 2,230,658 9 to 17 1967 to 
2017 

(Dooley et 
al., 2020) 

23 

countries fitness tests number of 
children 

age 
range 
[years] 

time 
period 

citation 

Australia, Belgium, Bulgaria, 
Canada, China, Czech Republic, 
Czechoslovaki, Estonia, Finland, 
France, Germany, Hungary, 
Iceland, occupied Palestine, Italy, 
Japan, Korea, Lithuania, 
Mozambique, New Zealand, 
Poland, Singapore, Spain, Sweden, 
Thailand, Turkey, and USA in five 
geographical regions Africa/Middle 
East (n = 2192), Asia (n = 
18,080,023), Australasia (n = 
115,528), Europe (n = 1,861,841), 
and North America (n = 39,937) 

single jump tests 
such as standing 
broad jump, vertical 
jump, running 
broad jump, or 
running vertical 
jump 

49,123,233 6 to19 1958 to 
2003 

(Tomkins
on, 2007) 

Australia, Belgium, Bulgaria, 
Canada, China, Czech Republic, 
Estonia, Finland, France, Germany, 
Greece, Iceland, occupied 
Palestine, Italy, Japan, Lithuania, 
Mozambique, New Zealand, 
Poland, Republic of Korea, 
Singapore, Slovakia, Slovenia, 
Spain, Taiwan, Thailand, Turkey, 
UK, and USA 

standing long jump 10,940,801 9 to 17 1960 to 
2013 

(Tomkins
on et al., 
2020). 
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24 

countries fitness tests number of 
children 

age 
range 
[years] 

time 
period 

citation 

Australia, Belgium, Brazil, 
Bulgaria, Canada, China, Estonia , 
Finland, France, Greece, Hong 
Kong, Iceland, occupied Palestine, 
Italy, Japan, Lithuania, 
Mozambique, New Zealand, 
Norway, Poland, Republic of 
Korea, Singapore, Slovakia, 
Slovenia, Spain, Sweden, 
Switzerland, Taiwan, Thailand, 
Turkey, and UK 

sit up test 9,939,289 9 to 17 1964 to 
2017 

(Kaster et 
al., 2020) 

25 

countries fitness tests number of 
children 

age 
range 
[years] 

time 
period 

citation 

Australia, Belgium, Bulgaria, 
Canada, China, Czech Republic, 
Czechoslovaki, Estonia, Finland, 
France, Germany, Hungary, 
Iceland, occupied Palestine, Italy, 
Japan, Korea, Lithuania, 
Mozambique, New Zealand, 
Poland, Singapore, Spain, Sweden, 
Thailand, Turkey, and USA in five 
geographical regions 

20 to 100 m sprint, 
4 x 9 to 13.7 m, 
shuttle run 6 x 13.7 
m shuttle run, or 10 
x 5 m shuttle run 

49,123,233 6 to 19 1958 to 
2003 

(Tomkins
on, 2007) 

Africa/Middle East (n = 8,855), 
Asia (n = 25,427,141), Australasia 
(n = 100,796), Europe (n = 
2,164,526), North America (n = 
216,925) Australia, Brazil, Canada, 
Czech Republic, Denmark, 
England, Finland, Belgium, 
Germany, Hungary, Lithuania, 
Netherlands, New Zealand, 
Norway, Portugal, Sweden, and 
USA 

20 to 50 m sprints, 
and 4 × 9 m shuttle 
run, or 10 × 5 m 
shuttle run 

96,522 6 to 18 1972 to 
2015 

(Fühner et 
al., 2020) 

26 Secular trends were calculated for geographical regions Africa/Middle East, Asia, Australasia, Europe, and 
North America (Tomkinson, 2007; Tomkinson & Olds, 2007). 

27 Shuttle run performance trends (Tomkinson et al., 2019) were correlated with data from the Global Burden 
of Disease Study 2013, which provided trends for prevalences of overweight/obese children and adolescents 
(according to published cut off values (Cole et al., 2000; Cole & Lobstein, 2012)) from 183 countries from 1980 
to 2013 (Ng et al., 2014). Trends for handgrip strength (Dooley et al., 2020), standing long jump (Tomkinson et 
al., 2020), and sit up performance (Kaster et al., 2020) were correlated with data from the NCD Risk Factor 
Collaboration which provided trends for mean BMI change (per decade) for 31.5 million boys and girls aged 5–
19 years in 200 countries from 1975 to 2016 (Bentham et al., 2017). 

28 Physical activity trends from the Health Behaviour in School-aged Children survey were included in the 
studies. Physical activity was operationalised as change in prevalence of daily moderate to vigorous physical 
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activity for at least 60 minutes and vigorous physical activity for at least 60 minutes four times a week for boys 
and girls aged 11, 13 and 15 years in European countries between 2002 and 2014 (Inchley et al., 2017). 

29 Gross national income per capita in this analysis represents annually added value created by production of 
goods and services in a country (OECD, 2023) and was taken from the World Bank data set (Bank, 2023b). 
Classifications into low, middle, or high income economies were done using the World Bank atlas method (Bank, 
2023b) 

30 The Gini index provides information on distributions of income within the population of a country. It is 
calculated by comparing the cumulative welfare share of households with the cumulative population share, where 
values of 0 represent perfect income equality and values of 100 represent perfect income inequality (Bank, 2023a). 
Data was retrieved from the World Bank data set (Bank, 2023b). 

31 Urbanisation provides information on percentage growth of urban populations and is calculated using 
population estimates of the World Bank and urban quotients from the World Urbanization Prospects of the United 
Nations (Bank, 2023a). Data was retrieved from the World Bank data set (Bank, 2023b). 

32 The human development index is composed of (1) life expectancy at birth (to measure ability to live a long 
and healthy life), (2) average number of years of schooling and expected number of years of schooling (to measure 
ability to acquire knowledge), and (3) gross national income per capita (to measure ability to achieve an adequate 
standard of living) (UNDP, 2018). Data was retrieved from the World Bank data set (Bank, 2023b). 

33 The federal state of Brandenburg, Germany surrounds Berlin and has a higher population density in close 
proximity to Berlin. The reasoning behind the analyses was that a higher population density is associated with an 
environment that offers more opportunities to improve physical fitness. Furthermore, average cost of living is 
higher in areas closer to Berlin. Accordingly, it is likely that more families with higher incomes live in this area. 

34 Overweight and obesity in children and adolescents have been defined using gender- and age-specific BMI 
values (Cole et al., 2000; Cole & Lobstein, 2012). 

35 Development status was defined in accordance with the Global Burden of Diseases, Injuries, and Risk 
Factors enterprise, based on gross national product per capita (Murray et al., 2012). Which countries were 
classified as “developed” or “developed” in which time period was not specified in the study or supplementary 
materials (Ng et al., 2014). 

36 Using age-specific growth references (i.e., medians and standard deviations) for children and adolescents, 
obesity was defined at the 2 standard deviation threshold (Onis et al., 2007). 

37 Body fat percent was calculated from skinfold thickness (assessed at triceps and subscapula) using Slaughter 
equations (Slaughter et al., 1988). Industrialised countries were Argentina, Australia, Bahrain, Belgium, Canada, 
the Czech Republic, Estonia, Finland, France, Germany, Greece, Hong Kong, Ireland, Italy, Japan, the 
Netherlands, New Zealand, Poland, Portugal, Russia, South Africa, Spain, Slovakia, South Africa, Sweden, 
Switzerland, Taiwan, Turkey, the United Arab Emirates, UK, and USA (Olds, 2009) 

38 Overweight and obese was assessed as (1) BMI (adjusted and age-specific), (2) skinfold thickness (triceps, 
subscapula, and sum of both), and (3) percentage body fat (estimated using skinfold thickness and Slaughter 
equations) in 6725 and 6866 children aged 5 to 17 years in the Bogalusa Heart Study from 1981 to 1994 (Freedman 
et al., 2009, 2013). 

39 Depressive symptoms were evaluated using depression rating scales such as the Child Depression Inventory, 
the Strength and Difficulties Questionnaire, and the Montgomery-Asberg Depression Rating Scale. Multiple 
definitions for overweight and obesity, such as BMI at 85th to 95th percentile for overweight and above the 95th 
percentile for obese, or age- & gender-specific curves, were included and pooled in the meta analysis (Quek et 
al., 2017). 

40 Obesity was defined as a BMI above the 75th percentile of the First National Health an Nutrition 
Examination Survey from 1971 to 1974 (USDA, 1990) for two consecutive years during their enrollment at 
Harvard School of Education (Must et al., 1992). 

41 Obesity was defined using BMI, which was included as a continuous variable in the analysis, or compared 
with age- and sex-specific BMI cut-off scores (Cole et al., 2000; Cole & Lobstein, 2012) to determine prevalences. 
Included studies examined subjects from Western Europe (Denmark, Finland, Norway, Sweden, UK, 
Netherlands), the USA (including Hawaii), Australia, and occupied Palestine (Park et al., 2012). 

42 Specific information on age clustering of secular BMI trends was not provided in this publication (Dooley 
et al., 2020). 
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43 The study included 278 normal-weight children aged 5 to 15 years, where normal weight was defined as 2 
SD above age-specific thresholds for mean BMI. The source for mean BMI was not reported. Percent body fat 
was estimated using a tetrapolar foot-to-foot impedance device. 

44 The study included 1224 boys and girls (i.e., ~768 normalweight, ~223 overweight, & ~233 obese) aged 6 
to 15 and assessed weight status using the Centers for Disease Control and Prevention gender- and age-specific 
BMI reference values (Ogden & Flegal, 2010). 

45 The study included 1186 boys (992 normal weight, 194 overweight) and 1142 girls (1105 normal weight, 
137 overweight) in 2003, and 661 boys (524 normal weight, 137 overweight) and 640 girls (563 normal weight, 
77 overweight) in 2010. Weight status was defined using age- and gender-specific BMI cut-off points (Cole et al., 
2000), and physical activity was assessed using a questionnaire, with adolescents grouped into inactive, mildly 
active, moderately active, active, and very active (Nupponen et al., 2010). 

46 The study analysed 270 boys and 249 girls at ages 7 to 15 years and defined weight status (i.e., thin, 
normalweight, overweight, & obese) using the World Health Organization’s BMI references for children and 
adolescents (Onis et al., 2007). 

47 Inclusion criteria for socioeconomic position were parental education, income and/or occupation, and weight 
status was defined as (1) reference to presence of overweight (obesity and/or overweight) or (2) some 
anthropometric parameter. The richest countries were identified based on (1) membership of the Organisation for 
Economic Co-operation and Development and (2) a gross national income per capita of more than $25,000 
according to the International Monetary Fund for 2010. These included Australia, Austria, Belgium, Canada, 
Czech Republic, Denmark, Finland, France, Germany, Greece, Holland, Iceland, Ireland, Occupied Palestine, 
Italy, Japan, Korea, Luxembourg, New Zealand, Norway, Portugal, Slovenia, Spain, Sweden, Switzerland, United 
Kingdom, and the USA. 

48 The study included 2389 adolescents aged 10 to 16 years, 52% girls and 48% boys, or 77% White and 23% 
African American. Prevalence of overweight was determined using age- and sex-specific BMI reference values 
(Najjar & Rowland, 1987). 

49 Intersectionality describes intertwining of social systems of oppression such as race, or gender with bodies 
that are placed at intersections of one or more margins are subject to greater oppression, or left out of social 
counter-movements (Crenshaw, 1989). 

50 1491 adolescents (49.6% boys and 49.4% Black) were enrolled in the study. Weight status was defined as 
normal weight (i.e., BMI < 85%), at risk for overweight (i.e., BMI between 85% and 95%) and overweight (i.e., 
BMI ≥ 95%) using age- and sex-specific reference values (Kuczmarski et al., 2002). Socioeconomic status was 
defined using parental education and combined pre-tax total household income for the last 12 months, and 
perceptions of social stratification were assessed using the MacArthur Subjective Social Status Scale (Goodman 
et al., 2001). 

51 Prevalence of overweight was determined by percentage BMI at the 95th percentile using fitted linear growth 
curve modelling, and low-income households were defined as < $25,000/year. 

52 Executive function describes cognitive processes underlying selection, planning, coordination, and 
monitoring of complex, goal-directed processes in areas of perception, memory, and action (Donnelly et al., 2016). 

53 Hillman et al. (2005) studied progressive shuttle run performance (Welk et al., 2002) in 600 children and 
recruited 24 children (9.6 years) from the top and bottom 10%. Attention and working memory resources were 
assessed using the visual odd-ball paradigm, which required children to quickly identify an infrequent stimulus 
while not responding to a frequent stimulus (Hillman et al., 2005). Hillmann et al. (2009) determined progressive 
shuttle run performances (Welk et al., 2002) in 38 children (aged 8 to 11 years) and divided them into equally 
sized groups (19 high-fit, 19 low-fit). Reaction accuracy was determined with the Eriksen-Flanker task (Eriksen 
& Eriksen, 1974), in which children had to react as quickly as possible to different series of letters (Hillman et al., 
2009). 

54 The study included 263 children (145 boys, 118 girls). Cognitive flexibility was assessed with the trail 
making test (Reitan, 1971) and problem solving ability with the Tower of London (Shallice, 1982). 

55 Executive function was measured by calculating a composite score from the Stroop-Gold colour-word test 
[selective attention, response inhibition, self-control and mental speed], the trail making test [measures attention, 
speed of psychomotor execution and mental flexibility], verbal semantic fluency [initiation, efficient organisation 
of verbal recall and memory and self-monitoring], and the backward digit span [working memory function]. 
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56 Skog et al. (2020) used the term ‘executive function’ differently in that publication than in this thesis. They 
refer to performance in a memory task, whereas in this paragraph executive function is specified above, which 
includes all cognitive tests used by Skog et al. (2020). They included 54 adolescents (aged 17 ± 2 years; 35 girls; 
19 boys), and executive functions were assessed using the Two-Back Task [working memory task], the One-Back 
Task [speed in short-term memory], the One-Card Learning Test [accuracy in visual memory], the Continuous 
Paired-Associate Learning Task [visual learning and memory], the Identification Task [speed in an attentional 
task], the Detection Test [psychomotor function and reaction time], and the Groton Maze Learning Test 
[‘executive function’]. 

57 The study involved 423 Dutch adolescents (aged 13.45 ± 0.43 years; 46.8% boys). Visual-spatial working 
memory was examined with forward and backward conditions of the computerised grid task (Nutley et al., 2009), 
verbal working memory with forward and backward conditions of the digit span task (Wechsler, 1991), and 
interference control with an adapted version of the attention network test (Fan et al., 2002). 

58 The study included 527 students aged 12 to 15 years (13.5 ± 1.0 years; 340 males; 187 females), including 
29 borderline students or students with intellectual-relational disabilities. Working memory updating and 
inhibition were assessed with the random number generation test. 

59 The study included 263 children (145 boys, 118 girls). Cognitive flexibility was assessed with the trail 
making test (Reitan, 1971) and problem solving ability with the Tower of London (Shallice, 1982). 

60 The study involved 423 Dutch adolescents (aged 13.45 ± 0.43 years; 46.8% boys). Visual-spatial working 
memory was examined with forward and backward conditions of the computerised grid task (Nutley et al., 2009), 
verbal working memory with forward and backward conditions of the digit span task (Wechsler, 1991), and 
interference control with an adapted version of the attention network test (Fan et al., 2002). 

61 The study involved 423 Dutch adolescents (aged 13.45 ± 0.43 years; 46.8% boys). Visual-spatial working 
memory was examined with forward and backward conditions of the computerised grid task (Nutley et al., 2009), 
verbal working memory with forward and backward conditions of the digit span task (Wechsler, 1991), and 
interference control with an adapted version of the attention network test (Fan et al., 2002). 

62 The study included 263 children (145 boys, 118 girls). Cognitive flexibility was assessed with the trail 
making test (Reitan, 1971) and problem solving ability with the Tower of London (Shallice, 1982). 

63 The study included 527 students aged 12 to 15 years (13.5 ± 1.0 years; 340 males; 187 females), including 
29 borderline students or students with intellectual-relational disabilities. Working memory updating and 
inhibition were assessed with the random number generation test. 

64 As most countries in the Global South have some form of compulsory school attendance, most children 
living in these areas can be reached. However, as school attendance is linked to legal status, children without 
occupational status as well as children without a permanent residence or with attested ‘educational and school 
inability’ are systematically excluded from this approach (see Gomolla (2015) for a detailed analysis of 
institutional discrimination in the German education system). 

65 Intervention details were published elsewhere in Spanish (Ardoy et al., 2010). 
66 Physical education lessons were taught by regular physical education teachers and content was not controlled 

to reflect ‘real-life’ conditions. Other features of the intervention were additional health education focusing on 
physical activity and healthy eating, 3-4 days of teacher training, and improvement of indoor facilities for physical 
education and outdoor playgrounds. Sixty-nine children were recruited from 18 public preschools (10 intervention 
children [222 boys and 186 girls] and 8 control children [142 boys and 144 girls]). 

67 Three physical education lessons for intervention and control groups were taught by class teachers, while 
two additional physical education lessons in the intervention group were taught by physical education teachers. 
Details of additional specific physical education lessons were not reported. In addition to two extra physical 
education lessons per week, the intervention group introduced short daily physical activity breaks and physical 
activity homework. Mean age of the first grade children was 6.9 ± 0.3 years and that of fifth grade children was 
11.1 ± 0.5 years. The intervention group consisted of 297 children (131 first graders and 166 fifth graders) and 
the control group consisted of 205 children (91 first graders and 114 fifth graders). The study was conducted with 
Swiss children. 

68 Additional physical education was provided by classroom teachers and included general activities within 
the regular curriculum such as ball games, running, jumping, and climbing. The intervention group consisted of 
49 girls and 80 boys, and the control group consisted of 50 girls and 53 boys. Knee extensor strength was 
determined using peak isokinetic torque at 60° and 180° for knee flexors and extensors. 
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69 Daily physical education classes at experimental schools and regular physical education classes at two 
control schools were taught by certified physical education teachers, focusing on fundamental skills. 

70 Ardoy et al. (2011) assessed BMI, fat mass index, waist circumference, waist circumference to height ratio, 
fat-free mass, and fat-free mass index. Bugge et al. (2012) measured waist circumference. Kriemler et al. (2010) 
recorded BMI and waist circumference. Löfgren et al. (2013) included BMI, fat-free mass (total, legs, and arms), 
and fat mass (total, legs, and arms) in their analysis. Reed et al. (2013) included mean BMI percentile in their 
analysis. 

71 Bugge et al. (2012) assessed systolic blood pressure, insulin resistance, total cholesterol to high-density 
lipoprotein ratio, triglycerides, and a composite score for cardiovascular disease, and Kriemler et al. (2010) 
included systolic blood pressure, diastolic blood pressure, triglycerides, total cholesterol to high-density 
lipoprotein ratio, glucose, and a cardiovascular risk score in their analyses. 

72 Kriemer et al. (2010) found trends favorable to the intervention for skinfold thickness and BMI, and Reed 
et al. (2013) found similar trends for BMI percentiles in girls only. Löfgren et al. (2013) found inverse trends (i.e., 
in favor of controls) for fat mass (total, legs, and arms) in boys and girls and for body fat percentage and BMI in 
girls only. Of note, they also found an increase in lean body mass (total, legs, and arms) and body mass in girls, 
which could indicate a difference in maturation and thus greater growth and maturation development in girls in 
the intervention condition. 

73 Supplemental physical education was conducted according to the CHAMPS study protocol (Wedderkopp 
et al., 2012). Overweight and obesity were classified using sex-specific body fat percentage standards (Williams 
et al., 1992). 

74 Puzzle-solving abilities were assessed using the standardized progressive matrices test (Raven et al., 1998), 
and perceptual speed for recognizing different or identical line patterns was measured using the perceptual speed 
test (Salthouse, 1996). 

75 The intervention lasted 6 months and included 70 children (37 intervention, 33 control). Overweight/lean 
children were classified using age-specific cutoffs for BMI (Cole et al., 2000). Inhibition and updating of working 
memory were assessed using various indices of the random number generation task (Towse & McLachlan, 1999). 

76 The intervention lasted 12 weeks, and high-intensity interval training was performed on a twice-per-week 
schedule. Memory was assessed with the RIAS test, which required participants to memorize and recall 15 playing 
cards (Santamaría-Fernández & Fernández-Pinto, 2013), and selective attention and concentration were assessed 
with the d2 test, which required participants to identify as many specific letters as possible in a given amount of 
time (Seisdedos, 2012). 

77 Both high-intensity interval trainings were performed in the first 8 to 10 minutes of three weekly physical 
education sessions over 8 weeks. The aerobic high-intensity interval training focused on gross motor, 
cardiorespiratory exercises, while the resistance and aerobic high-intensity interval training further included 
bodyweight training exercises. 

78 See https://mbjs.brandenburg.de/corona-aktuell/chronologie.html 
79 Keyage children (age 8.6 ± .3 years; 51.1% girls) were classified at age 6 to 6.99 at enrollment on September 

30. September, younger and older children (age 7.9 ± .2 years, 57.8% girls & age 9.3 ± .3 years, 41.6% girls; 
respectively) were classified as one year younger and older than keyage children, respectively. 

80 The study included 765 6th and 765 8th grade pre-pandemic children aged 11.3 ± .5 and 13.3 ± .5 years, and 
853 6th and 853 8th grade pandemic children aged 11.4 ± .5 and 13.4 ± .5 years. Physical fitness was assessed 
using SLOfit measures consisting of a hand tapping test, standing long jump, polygon course backward, sit-ups, 
stand and reach, bent-arm hang, 60 m sprint, and 600 m run, in addition to providing an overall index of physical 
fitness (Jurak et al., 2020). 

81 The review evaluated papers published between January 1st, 2020 and May 1st, 2020. Accordingly, potential 
long-term effects and newer variants of the SARS-CoV-2 virus were not considered. 

82 See https://www.uni-potsdam.de/fileadmin/projects/emotikon/SMaRTER-Studie/SMaRTER-
Studie_Trainingsintervention_2019.pdf 

83 See https://www.uni-potsdam.de/fileadmin/projects/emotikon/SMaRTER-Studie/SMaRTER-
Studie_Trainingsintervention_2019.pdf 

84 The names of the homework exercises are originally in German. Accordingly, some language-specific 
meaning may be lost in translation into English. 
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85 A list of schools employing specially trained remedial physical education teachers was provided by the 
MBJS. 

86 See this https://www.uni-potsdam.de/de/emotikon/index or Section 1.1.3.2 for more details on the 
EMOTIKON study. 

87 Once at the start of the SMaRTER study and once at the first assessment during the Covid 19 pandemic (i.e., 
t6). 

88 VO2max was determined using a spiroergometer and a standardised protocol with increasing speed and 
incline (Dubowy et al., 2008). 

89 In the shuttle run, participants had to run back and forth along a 20 m track, the pace being increased every 
minute by an acoustic signal until the participants could no longer maintain the pace. 

90 See http://www.tatool-web.com/#!/doc/lib-exp-simon.html 
91 Household income was estimated for each child. If a child lived in more than one household, income was 

averaged across all associated households. 
92 Average income was estimated by dividing the household income by all individuals contributing to the 

household income. 
93 The Lorenz curve plots the cumulative income share (on the y-axis) against the cumulative population share 

(on the x-axis). If the income distribution in the population is completely equal, the Lorenz curve assumes a 45° 
line (Bank, 2023a). 

94 The Gini index calculates the area between a horizontal 45° line (which means perfect equality) and the 
plotted Lorenz curve (see footnote above). Accordingly, a Gini index of 0 represents perfect equality and a value 
of 100 represents perfect inequality (Willis, 2020). 

95 If the values are adjusted for the thirteenth salary, which is a voluntary bonus salary that the employer can 
pay at the end of the year and which can reach up to a full salary, the average monthly household income was 
€4,643.54 and the income per capita was €1,844.92. 

96 Interventions were pooled by defining t0 and t2 as baseline assessments and t1 and t3 as post tests. 
97 Kotzamanidis (Kotzamanidis, 2006) implemented a 10-week plyometric jumping program (60 to 100 jumps 

per session) into two weekly physical education lessons, with 15 children (age 11.1 ±.5 years) participating in the 
intervention and 15 children (age 10.9 ± .7 years) serving as a regular physical education control group. 
Faigenbaum et al. (2009) implemented 10 to 15 minutes of plyometric training consisting of jumps, leaps, sprints 
and throws with increasing intensity into one physical education lesson per week for 9 weeks. 70 children (aged 
8 to 11 years) were enrolled in the study, with 40 children participating in the intervention and 34 serving as a 
control group for regular physical education classes. 

98 The resistance training program consisted of 16 minutes of circuit training with chest exercises, rowing, up 
and down walking, triceps extension, biceps curl, rope jumping, crunches and bridging with increasing work times 
and decreasing rests between exercises as the program progressed, followed by 24 minutes of racing games. The 
program was framed by 5 minute warm ups and cool downs. 

99 Analyses were conducted with. (1) 672 Greek schoolchildren (boys: n = 348, age 12.2 ± 0.7 years; girls: n 
= 324, age 12.2 ± 0.5 years) on 20 m shuttle run, 40 m sprint, vertical jump, and handgrip strength tests, with 
linear and quadratic trends for age also included in the models (Nevill et al., 2009), (2) 1,995 girls and 1,669 boys 
aged 11 to 17 from three areas in central Peru on 12 min run, standing long jump, grip strength, curl-up, and 10 x 
5 m pendulum run tests, with maturity offset also included in the models (Valdivia et al., 2015), (3) 2,385 girls 
and 2,175 boys aged 9-15 from Peru and Brazil in 12 min run, standing long jump, grip strength, and 10 x 5 m 
pendulum run tests, with a maturity offset and physical activity also included in the models (Silva et al., 2016), 
(4) 3,058 boys and 4,044 girls aged 11-14 years living in an urban or rural area in northern Italy in sit-up and 
standing long jump (Lovecchio et al., 2019), and (5) 556 European sedentary children aged 11-13 years (282 boys; 
274 girls) using the Cooper test (Giuriato et al., 2020). 

100 Gross motor coordination was assessed in 245 children (122 girls) aged 6 to 9 years from the Azores Islands 
using the ‘Körperkoordinationstest für Kinder’, which consisted of a balance task, successive lateral jumps, 
hopping on one leg over an obstacle and moving platforms (Schilling & Kiphard, 1974). 

101 Metabolic syndrome is comprised of abdominal obesity, insulin resistance, disordered blood lipids, 
hypertension and glucose intolerance as symptoms that increase the risk of cardiovascular disease and diabetes. 



 117 

Further, in the cutoff scores are calculated with an emphasis on sensitivity, meaning correctly identifying children 
with metabolic syndrome rather than without. 

102 Included aerobic assessment are the one-mile run, PACER Test, and the Walk test. 
103 Muscular strength can be assessed using the curl-up, trunk extension, and/or 90° push up test. Flexibility 

can be assessed using the back saver sit and reach and the shoulder stretch. 
104 Anthropometrical information can be measured using skinfold assessments, bioelectrical impedance, or the 

BMI 
105 Fitness assessments were done focusing on aerobic capacity, body composition, abdominal strength and 

endurance, trunk extensor strength and endurance, upper body strength and endurance, and flexibility. 
106 California standardized test in math and English language arts. 
107 1325 fourth to seventh and 1410 sixth to ninth grade children. 
108 Fitness assessments were done focusing on aerobic capacity, body composition, abdominal strength and 

endurance, trunk extensor strength and endurance, upper body strength and endurance, and flexibility. 
109 California standardized test in math and English language arts. 1101325 fourth to seventh and 1410 sixth 

to ninth grade children.  
111 460 boys aged 13 ± 1 years 
112 Socioeconomic status was assesses using the eligibility for federal free lunch program with a low 

socioeconimic status being assigned to children eligible for the program, while all other non eligible children were 
assigned to the high socioeconomic status group. 

113 492 girls aged 13 ± 1 years 
114 Home neighbourhood socioeconomic status was defined as the percentage of households below the federal 

poverty threshold according to United States Census 2010 boundaries. 
115 Cumulative poverty risk score was calculated for every child growing up with an income-to-needs ratio 

below 1 and adjusted using the per capita index for poverty in the united states. The ratio recorded every six 
months from the children’s birth until the most recent assessment. 
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8 R 

8.1 Data preprocessing 

The preprocessing of the data sets relevant for the analyses is documented here. The data sets 
are: 

• info : contains Child- and School-IDs, Group (intervention allocation), as well as 
individual and assessment information 

• ages : contains age and maturity offset information 
• anthro : contains anthropometric measures body height, mass, body fat, and muscle 
mass 

• emo : contains scores of EMOTIKON fitness tests (both scores and z-transformed 
scores) 

• cog : contains scores of cognitive tests (both scores and z-transformed scores) 
 

8.1.1 “info” 

Used variables: 

• Child : Participant ID (levels = “SMART01”, “SMART02”, ... , “SMART76”) • School 
: School ID (levels = “01”, “02”, ... , “11”) 

• Group : Group affiliation (levels = “INT-CON”, “CON-INT”) 
• Time : Assessment period (levels = “t0”, “t1”, “t2”, “t3”, “t6”, “t8”) 
• gender : Participants gender (levels = “girl”, “boy”) 
• bp : Berlin proximity of school (levels = “close”, “far”) 
• Date : Mean date of assessment period 
• Dropout : Information about dropouts at each assessment (levels = 0 [no], 1 [yes]) 

Participants were marked as “Dropout” according to the last assessment in which measures 
were collected. 

8.1.2 “ages” 

Used variables: 

• Child : participant ID (levels = “SMART01”, “SMART02”, ... , “SMART76”) 
• Time : assessment period (levels = “t0”, “t1”, “t2”, “t3”, “t6”, “t8”) 
• age : individual age at each assessment (years) 
• m_mirwald : calculation of maturity offset according to Mirwald et al. 2002 (Mirwald 
et al., 2002) (years) 

𝑔𝑖𝑟𝑙𝑠 ∶ − 9.376 + (.0001882 ∗ (𝑠𝑡𝑎𝑛𝑑 − 𝑠𝑖𝑡) ∗ 𝑠𝑖𝑡) 
 + (.0022 ∗ (𝑠𝑡𝑎𝑛𝑑 − 𝑠𝑖𝑡) ∗ 𝑎𝑔𝑒) 
 + (.005841 ∗ 𝑎𝑔𝑒 ∗ 𝑠𝑖𝑡) 
 + (−.002658 ∗ 𝑎𝑔𝑒 ∗ 𝑤𝑒𝑖𝑔h𝑡) 
 + (.07693 ∗ 𝑤𝑒𝑖𝑔h𝑡/𝑠𝑡𝑎𝑛𝑑 ∗ 100) 

𝑏𝑜𝑦𝑠 ∶ − 9.236 + (.0002708 ∗ (𝑠𝑡𝑎𝑛𝑑 − 𝑠𝑖𝑡) ∗ 𝑠𝑖𝑡) 
 + (−.001663 ∗ (𝑠𝑡𝑎𝑛𝑑 − 𝑠𝑖𝑡) ∗ 𝑎𝑔𝑒) 
 + (.007216 ∗ 𝑎𝑔𝑒 ∗ 𝑠𝑖𝑡) 
 + (.02292 ∗ 𝑤𝑒𝑖𝑔h𝑡/𝑠𝑡𝑎𝑛𝑑 ∗ 100) 
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• m_moore : calculation of maturity offset according to Moore et al. 2012 (Moore et al., 
2015) (years) 

𝑔𝑖𝑟𝑙𝑠 ∶ − 7.709133 + (.0042232 ∗ (𝑎𝑔𝑒 ∗ 𝑠𝑡𝑎𝑛𝑑)) 
𝑏𝑜𝑦𝑠 ∶ − 8.128741 + (.0070346 ∗ (𝑎𝑔𝑒 ∗ 𝑠𝑖𝑡)) 

 

8.1.3 “anthro” 

Used variables: 

• height : body height (cm) 
• mass : body mass (kg) 
• bmi : body mass index (kg/m2)  
• fat : body fat percent (%) 
• muscle : muscle mass (kg) 
• lean : lean mass (kg) 

 

8.1.4 “emo” 

Scores for the 20-m sprint and the star run where transformed from time to completion (s) into 
average speed (m/s) (Fühner et al., 2021, 2022). Z-scores were based norm values for key age 
children published in Fühner et al. 2021 (Fühner et al., 2021) for 6 min run, star run, 20 m 
sprint, standing long jump, and ball push test. As indicated by preliminary EMOTIKON 
analyses, one leg balance test were log-transformed and then z-transformed across the 
SMaRTER sample. 
Table 8. 1: EMOTIKON values according to Fühner et al. 2021 

Test mean sd 
Run (m) 1004 148 
Star_r (m/s) 2.05 0.288 
S20_r (m/s) 4.52 0.413 
SLJ (cm) 126 19.3 
BPT (m) 3.74 714 
OLB (s) 2.08 0.768 
Run = 6 min run, Star_r = star run, 
S20_r = 20 m sprint, SLJ = 
standing long jump, BPT = ball 
push test, OLB = one leg balance 

 

8.1.5 “cog” 

A Box-Cox distribution analysis (Box & Cox, 1964) suggested logarithmic transformations for 
all executive function tests to obtain normally distributed model residuals (see Figure 8.1). 
Accordingly, lag transformed means and standard deviations were used for z-transformation 
(see Table 8.2). Further, the z-transformed scores for the trail making test and Simon task were 
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reversed, so positive improvements of z-values indicate and improvement in time to completion 
or reaction time. 
Table 8. 2: Mean and standard deviation of executive function log-scores 

Test mean sd 
TMTa (s) 3.12 0.328 
TMTb (s) 3.83 0.370 
DSST (n) 3.47 0.244 
SC (ms) 6.97 0.228 
SI (ms) 7.03 0.223 
TMTa = trail making test verion 
A, TMTb = trail making test 
version B, DSST = digit symbol 
substitution test, SC = Simon 
task congruent condition, SI = 
Simon task incongruent condition 
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Figure 8. 1: Box-Cox distribution and histograms of executive function tests 
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8.2 Supplementary Material Chapter 2 

8.2.1 Body mass index analysis for t1 and t3 populations 

Table 8. 3: Group x gender x Time interactions for body mass index for the first intervention period 
(i.e., t0 to t1) 

Predictors Est. SE z p 
Grand mean 18.50 0.81 22.98 <0.001 
Group2-1 0.62 1.61 0.38 0.703 
gender2-1 -2.30 1.01 -2.28 0.024 
Time2-1 0.22 0.07 3.21 0.002 
Group2-1 * gender2-1 -3.94 2.02 -1.95 0.053 
Group2-1 * Time2-1 0.02 0.14 0.12 0.905 
gender2-1* Time2-1 0.19 0.14 1.37 0.172 
Group2-1 * gender2-1 * Time2-1 0.28 0.28 0.99 0.324 
Random Effects     
σ2 0.16    
τ00Child 16.28    
τ00school 4.49    
ICC 0.99    
N Child 76    
N school 11    
Observations 144    
Marginal R2 / Conditional R2 0.119 / 0.993 
Est. = estimate; SE = standar error 
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Table 8. 4 : Group x gender x Time interactions for body mass index for both intervention periods (i.e., 
t0 to t3) 

Predictors Est. SE z p 
Grand mean 18.76 0.82 22.95 <0.001 
Group2-1 0.39 1.63 0.24 0.812 
gender2-1 -2.20 1.02 -2.16 0.032 
Time2-1 0.20 0.11 1.82 0.070 
Time3-2 0.28 0.11 2.50 0.013 
Time4-3 0.42 0.12 3.48 0.001 
Group2-1 * gender2-1 -4.25 2.04 -2.08 0.039 
Group2-1 * Time2-1 0.01 0.22 0.05 0.962 
Group2-1 * Time3-2 -0.42 0.22 -1.86 0.064 
Group2-1 * Time4-3 -0.14 0.24 -0.59 0.553 
gender2-1 * Time2-1 0.20 0.22 0.91 0.365 
gender2-1 * Time3-2 0.11 0.22 0.50 0.615 
gender2-1 * Time4-3 0.23 0.24 0.95 0.345 
Group2-1 * gender2-1 * Time2-1 0.17 0.43 0.40 0.693 
Group2-1 * gender2-1 * Time3-2 0.12 0.45 0.27 0.791 
Group2-1 * gender2-1 * Time4-3 -1.59 0.48 -3.32 0.001 
Random Effects     
σ2 0.38    
τ00Child 16.62    
τ00school 4.64    
ICC 0.98    
N Child 76    
N school 11    
Observations 268    
Marginal R2 / Conditional R2 0.120 / 0.984 
Est. = estimate; SE = standar error 
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8.3 Supplementary Material Chapter 3 

8.3.1 INT M1: physical fitness  

8.3.1.1 Model fitting 

Table 8. 5: LRT 1 of fixed effects in INT M1 - physical fitness 

model npar AIC BIC logLik deviance Chisq Df p sig 
m1.1_emo 6 1,227.027 1,253.005 -607.513 1,215.027     

m1.2_emo 18 1,232.915 1,310.850 -598.457 1,196.915 18.112 12 0.112  
m1.3_emo_abp 21 1,228.853 1,319.777 -593.427 1,186.853 10.061 3 0.018 * 
m1.4_emo_all 22 1,230.662 1,325.916 -593.331 1,186.662 0.191 1 0.662  
m1.1_emo 6 1,227.027 1,253.005 -607.513 1,215.027     

m1.2_emo 18 1,232.915 1,310.850 -598.457 1,196.915 18.112 12 0.112  
m1.3_emo_gbp 21 1,229.324 1,320.248 -593.662 1,187.324 9.591 3 0.022 * 
m1.4_emo_all 22 1,230.662 1,325.916 -593.331 1,186.662 0.661 1 0.416  
m1.1_emo 6 1,227.027 1,253.005 -607.513 1,215.027     

m1.2_emo 18 1,232.915 1,310.850 -598.457 1,196.915 18.112 12 0.112  
m1.3_emo_gap 21 1,234.319 1,325.243 -596.159 1,192.319 4.596 3 0.204  
m1.4_emo_all 22 1,230.662 1,325.916 -593.331 1,186.662 5.657 1 0.017 * 
m1.1_emo 6 1,227.027 1,253.005 -607.513 1,215.027     

m1.2_emo 18 1,232.915 1,310.850 -598.457 1,196.915 18.112 12 0.112  
m1.3_emo_gab 21 1,229.686 1,320.610 -593.843 1,187.686 9.229 3 0.026 * 
m1.4_emo_all 22 1,230.662 1,325.916 -593.331 1,186.662 1.023 1 0.312  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

LRT indicated that body mass index (BMI) improves the model’s fit, while age, gender, and 
Berlin proximity can be dropped. 
Table 8. 6: LRT 2 of fixed effects in INT M1 - physical fitness 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m1.1_emo 6 1,227.027 1,253.005 -607.513 1,215.027     

m1.2_emo 18 1,232.915 1,310.850 -598.457 1,196.915 18.112 12 0.112  
m1.5_emo_bmi 19 1,226.565 1,308.830 -594.282 1,188.565 8.350 1 0.004 ** 
m1.6_emo_bmi 22 1,185.591 1,280.845 -570.796 1,141.591 46.973 3 0.000 *** 
m1.7_emo_bmi 30 1,195.350 1,325.242 -567.675 1,135.350 6.241 8 0.620  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

LRT further showed that including BMI nested within Test without interactions improves the 
models fit. Accordingly, m1.6_emo_bmi was reported in Section 3.3.1.1. 
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8.3.1.2 Means and standard deviations of model variables 

Table 8. 7: Means and standard deviation of the model variables used in INT M1 physical fitness 

Time t0 t1 
Group CON INT CON INT 
gender [girl/boy] 16/15 16/25 16/14 14/25 
Berlin proximity [close/far] 15/16 0/41 15/15 0/39 
BMI [kg/m²] 18.4±4.7 19.1±5 18.5±4.8 19.5±4.9 
age [years] 9.1±0.5 9.2±0.6 9.4±0.5 9.5±0.6 
20 m sprint [m/s] 4.1±0.4 4.1±0.3 4.1±0.5 4.1±0.3 
standing long jump [cm] 107.1±23.9 106.4±13.6 110.2±24.7 106.8±14.2 
star run [m/s] 1.8±0.2 1.8±0.2 1.9±0.2 1.8±0.2 
6 min run [m] 876.8±129.9 834.1±119.3 896.1±144.3 863.5±125.1 
CON = control condition; INT = intervention condition; BMI = body mass index 
 

8.3.2 INT M1: executive function  

8.3.2.1 Model fitting 

Table 8. 8: LRT 1 of fixed effects in INT M1 - executive function 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m1.1_cog 7 1,776.276 1,808.183 -881.138 1,762.276     

m1.2_cog 22 1,765.195 1,865.475 -860.597 1,721.195 41.081 15 0.000 *** 
m1.3_cog_abp 25 1,769.455 1,883.410 -859.727 1,719.455 1.740 3 0.628  
m1.4_cog_all 26 1,764.845 1,883.359 -856.423 1,712.845 6.609 1 0.010 * 
m1.1_cog 7 1,776.276 1,808.183 -881.138 1,762.276     

m1.2_cog 22 1,765.195 1,865.475 -860.597 1,721.195 41.081 15 0.000 *** 
m1.3_cog_gbp 25 1,762.846 1,876.801 -856.423 1,712.846 8.349 3 0.039 * 
m1.4_cog_all 26 1,764.845 1,883.359 -856.423 1,712.845 0.001 1 0.982  
m1.1_cog 7 1,776.276 1,808.183 -881.138 1,762.276     

m1.2_cog 22 1,765.195 1,865.475 -860.597 1,721.195 41.081 15 0.000 *** 
m1.3_cog_gap 25 1,763.515 1,877.470 -856.758 1,713.515 7.679 3 0.053  
m1.4_cog_all 26 1,764.845 1,883.359 -856.423 1,712.845 0.670 1 0.413  
m1.1_cog 7 1,776.276 1,808.183 -881.138 1,762.276     

m1.2_cog 22 1,765.195 1,865.475 -860.597 1,721.195 41.081 15 0.000 *** 
m1.3_cog_gab 25 1,763.611 1,877.566 -856.806 1,713.611 7.583 3 0.055  
m1.4_cog_all 26 1,764.845 1,883.359 -856.423 1,712.845 0.766 1 0.381  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

LRT indicated that gender improves the model’s fit, while age, BMI, and Berlin proximity can 
be dropped. 
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Table 8. 9: LRT 2 of fixed effects in INT M1 - executive function 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m1.1_cog 7 1,776.276 1,808.183 -881.138 1,762.276     

m1.2_cog 22 1,765.195 1,865.475 -860.597 1,721.195 41.081 15 0.000 *** 
m1.5_cog_gender 23 1,761.022 1,865.861 -857.511 1,715.022 6.172 1 0.013 * 
m1.6_cog_gender 27 1,761.152 1,884.223 -853.576 1,707.152 7.871 4 0.096  
m1.7_cog_gender 37 1,772.997 1,941.650 -849.498 1,698.997 8.155 10 0.614  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRT further showed that gender added as a fixed factor not nested within Test improves the 
models fit. Accordingly, m1.5_cog_bmi was reported in Section 3.3.2.1. 

8.3.2.2 Means and standard deviations of model variables 

Table 8. 10: Means and standard deviation of the model variables used in INT M1 executive function 

Time t0 t1 
Group CON INT CON INT 
gender [girl/boy] 16/15 16/25 16/14 14/25 
Berlin proximity [close/far] 15/16 0/41 15/15 0/39 
BMI [kg/m²] 18.4±4.7 19.1±5 18.5±4.8 19.5±4.9 
age [years] 9.1±0.5 9.2±0.6 9.4±0.5 9.5±0.6 
TMT version A [s] 30.3±8.3 31.2±11.1 26.5±8.4 25.1±7.4 
TMT version B [s] 64.7±34.4 59.3±19.6 58.6±22.8 53.1±20.3 
DSST [n] 28.5±5.2 27.1±5.3 30.4±6.5 30.6±6.2 
SC [ms] 1198.1±202.5 1275.3±340.3 1191.3±273.8 1185.2±283.6 
SI [ms] 1277.7±217.5 1335.1±279.1 1205.7±190.6 1244.9±301.8 
CON = control condition; INT = intervention condition; TMT = trail making test; DSST = 
digit symbol substitution test; SC = Simon task congruent condition; Simon task 
incongruent condition; BMI = body mass index 
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8.3.3 INT M2: physical fitness  

8.3.3.1 Model fitting 

Table 8. 11: LRT 1 of fixed effects in INT M2 - physical fitness 

Model npar AIC BIC logLik deviance Chisq Df p Sig 
m2.1_emo 6 2,176.077 2,205.636 -1,082.038 2,164.077     

m2.2_emo 18 2,176.732 2,265.411 -1,070.366 2,140.732 23.344 12 0.025 * 
m2.3_emo_abp 21 2,168.538 2,271.996 -1,063.269 2,126.538 14.194 3 0.003 ** 
m2.4_emo_all 22 2,169.783 2,278.167 -1,062.891 2,125.783 0.756 1 0.385  
m2.1_emo 6 2,176.077 2,205.636 -1,082.038 2,164.077     

m2.2_emo 18 2,176.732 2,265.411 -1,070.366 2,140.732 23.344 12 0.025 * 
m2.3_emo_gbp 21 2,171.247 2,274.705 -1,064.623 2,129.247 11.486 3 0.009 ** 
m2.4_emo_all 22 2,169.783 2,278.167 -1,062.891 2,125.783 3.464 1 0.063  
m2.1_emo 6 2,176.077 2,205.636 -1,082.038 2,164.077     

m2.2_emo 18 2,176.732 2,265.411 -1,070.366 2,140.732 23.344 12 0.025 * 
m2.3_emo_gap 21 2,175.276 2,278.734 -1,066.638 2,133.276 7.456 3 0.059  
m2.4_emo_all 22 2,169.783 2,278.167 -1,062.891 2,125.783 7.494 1 0.006 ** 
m2.1_emo 6 2,176.077 2,205.636 -1,082.038 2,164.077     

m2.2_emo 18 2,176.732 2,265.411 -1,070.366 2,140.732 23.344 12 0.025 * 
m2.3_emo_gab 21 2,170.199 2,273.657 -1,064.100 2,128.199 12.533 3 0.006 ** 
m2.4_emo_all 22 2,169.783 2,278.167 -1,062.891 2,125.783 2.417 1 0.120  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRT indicated that BMI improves the model’s fit, while age, gender, and Berlin proximity can 
be dropped. 
Table 8. 12: LRT 2 of fixed effects in INT M2 - physical fitness 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m2.1_emo 6 2,176.077 2,205.636 -1,082.038 2,164.077     

m2.2_emo 18 2,176.732 2,265.411 -1,070.366 2,140.732 23.344 12 0.025 * 
m2.5_emo_bmi 19 2,170.194 2,263.799 -1,066.097 2,132.194 8.538 1 0.003 ** 
m2.6_emo_bmi 22 2,113.439 2,221.824 -1,034.720 2,069.439 62.755 3 0.000 *** 
m2.7_emo_bmi 30 2,123.595 2,271.392 -1,031.797 2,063.595 5.845 8 0.665  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRT further showed that BMI added as a fixed factor nested within Test without interactions 
improves the models fit. Accordingly, m2.6_emo_bmi was reported in Section 3.4.1.1. 
 
  



 150 

8.3.3.2 Means and standard deviations of model variables 

Table 8. 13: Means and standard deviation of the model variables used in INT M2 physical fitness 

Time [pooled] pre post 
Group [pooled] CON INT CON INT 
gender [girl/boy] 28/38 27/38 28/36 26/36 
Berlin proximity [close/far] 14/52 14/51 14/50 13/49 
BMI [kg/m²] 19.1±4.8 19.1±4.9 19.3±5.1 19.8±4.9 
age [years] 9.4±0.6 9.4±0.6 9.8±0.7 9.7±0.6 
20 m sprint [m/s] 4.1±0.4 4.1±0.4 4.1±0.4 4.1±0.4 
standing long jump [cm] 108.4±20.6 107.6±18.5 112.2±20.7 108.3±19.5 
star run [m/s] 1.8±0.2 1.8±0.2 1.9±0.2 1.9±0.2 
6 min run [m] 850.4±127 853.6±144 880.1±140 872.7±132.4 
CON = control condition; INT = intervention condition; BMI = body mass index 
 

8.3.4 INT M2: executive function  

8.3.4.1 Model fitting 

Table 8. 14: LRT 1 of fixed effects in INT M2 - executive function 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m2.1_cog 7 3,279.784 3,315.915 -1,632.892 3,265.784     

m2.2_cog 22 3,246.800 3,360.356 -1,601.400 3,202.800 62.984 15 0.000 *** 
m2.3_cog_abp 25 3,105.015 3,234.055 -1,527.507 3,055.015 147.785 3 0.000 *** 
m2.4_cog_all 26 3,106.509 3,240.712 -1,527.255 3,054.509 0.505 1 0.477  
m2.1_cog 7 3,279.784 3,315.915 -1,632.892 3,265.784     

m2.2_cog 22 3,246.800 3,360.356 -1,601.400 3,202.800 62.984 15 0.000 *** 
m2.3_cog_gbp 25 3,236.158 3,365.198 -1,593.079 3,186.158 16.642 3 0.001 *** 
m2.4_cog_all 26 3,106.509 3,240.712 -1,527.255 3,054.509 131.648 1 0.000 *** 
m2.1_cog 7 3,279.784 3,315.915 -1,632.892 3,265.784     

m2.2_cog 22 3,246.800 3,360.356 -1,601.400 3,202.800 62.984 15 0.000 *** 
m2.3_cog_gap 25 3,106.976 3,236.016 -1,528.488 3,056.976 145.824 3 0.000 *** 
m2.4_cog_all 26 3,106.509 3,240.712 -1,527.255 3,054.509 2.467 1 0.116  
m2.1_cog 7 3,279.784 3,315.915 -1,632.892 3,265.784     

m2.2_cog 22 3,246.800 3,360.356 -1,601.400 3,202.800 62.984 15 0.000 *** 
m2.3_cog_gab 25 3,104.689 3,233.730 -1,527.345 3,054.689 148.111 3 0.000 *** 
m2.4_cog_all 26 3,106.509 3,240.712 -1,527.255 3,054.509 0.180 1 0.671  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

LRT indicated that age improves the model’s fit, while BMI, gender, and Berlin proximity can 
be dropped. 
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Table 8. 15: LRT 2 of fixed effects in INT M2 - executive function 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m2.1_cog 7 3,279.784 3,315.915 -1,632.892 3,265.784     

m2.2_cog 22 3,246.800 3,360.356 -1,601.400 3,202.800 62.984 15 0.000 *** 
m2.5_cog_gender 23 3,103.466 3,222.184 -1,528.733 3,057.466 145.334 1 0.000 *** 
m2.6_cog_gender 27 3,106.360 3,245.724 -1,526.180 3,052.360 5.107 4 0.277  
m2.7_cog_gender 37 3,114.710 3,305.690 -1,520.355 3,040.710 11.650 10 0.309  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRT further showed that age added as a fixed factor not nested within Test improves the models 
fit. Accordingly, m2.5_cog_bmi was reported in Section 3.4.2.1. 

8.3.4.2 Means and standard deviations of model variables 

Table 8. 16: Means and standard deviation of the model variables used in INT M2 executive function 

Time [pooled] pre post 
Group [pooled] CON INT CON INT 
gender [girl/boy] 28/38 27/38 28/37 26/37 
Berlin proximity [close/far] 14/52 14/51 14/51 14/49 
BMI [kg/m²] 19.1±4.8 19.1±4.9 19.3±5 19.7±4.9 
age [years] 9.4±0.6 9.4±0.6 9.8±0.7 9.7±0.6 
TMT version A [s] 25.8±8.3 27.9±10.5 23.9±7.3 23.6±7.4 
TMT version B [s] 55.4±27.5 59.1±24.5 46.7±19.1 47.8±17.5 
DSST [n] 31.4±6.6 29.4±6.9 33.3±6.9 32.3±6.8 
SC [ms] 1133.1±224.9 1168.9±319 1104.6±225.6 1106.5±273.6 
SI [ms] 1209.4±236.8 1249.8±270 1133±187.7 1176.2±303.1 
CON = control condition; INT = intervention condition; TMT = trail making test; DSST = 
digit symbol substitution test; SC = Simon task congruent condition; Simon task 
incongruent condition; BMI = body mass index 
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8.3.5 INT M3: physical fitness  

8.3.5.1 Model fitting 

Table 8. 17: LRT 1 of fixed effects in INT M3 - physical fitness 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m3.1_emo 6 1,918.185 1,946.556 -953.092 1,906.185     

m3.2_emo 50 1,873.974 2,110.405 -886.987 1,773.974 132.211 44 0.000 *** 
m3.3_emo_abp 53 1,862.963 2,113.580 -878.482 1,756.963 17.011 3 0.001 *** 
m3.4_emo_all 54 1,864.902 2,120.248 -878.451 1,756.902 0.061 1 0.804  
m3.1_emo 6 1,918.185 1,946.556 -953.092 1,906.185     

m3.2_emo 50 1,873.974 2,110.405 -886.987 1,773.974 132.211 44 0.000 *** 
m3.3_emo_gbp 53 1,862.951 2,113.568 -878.475 1,756.951 17.023 3 0.001 *** 
m3.4_emo_all 54 1,864.902 2,120.248 -878.451 1,756.902 0.049 1 0.824  
m3.1_emo 6 1,918.185 1,946.556 -953.092 1,906.185     

m3.2_emo 50 1,873.974 2,110.405 -886.987 1,773.974 132.211 44 0.000 *** 
m3.3_emo_gap 53 1,870.924 2,121.541 -882.462 1,764.924 9.050 3 0.029 * 
m3.4_emo_all 54 1,864.902 2,120.248 -878.451 1,756.902 8.022 1 0.005 ** 
m3.1_emo 6 1,918.185 1,946.556 -953.092 1,906.185     

m3.2_emo 50 1,873.974 2,110.405 -886.987 1,773.974 132.211 44 0.000 *** 
m3.3_emo_gab 53 1,867.524 2,118.142 -880.762 1,761.524 12.450 3 0.006 ** 
m3.4_emo_all 54 1,864.902 2,120.248 -878.451 1,756.902 4.623 1 0.032 * 
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRT indicated that BMI and Berlin proximity improves the model’s fit, while age and gender 
can be dropped. 
Table 8. 18: LRT 2 of fixed effects in INT M3 - physical fitness 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m3.1_emo 6 1,918.185 1,946.556 -953.092 1,906.185     

m3.2_emo 50 1,873.974 2,110.405 -886.987 1,773.974 132.211 44 0.000 *** 
m3.5_emo_bmi 51 1,863.558 2,104.718 -880.779 1,761.558 12.416 1 0.000 *** 
m3.6_emo_bmi 54 1,795.105 2,050.451 -843.553 1,687.105 74.453 3 0.000 *** 
m3.7_emo_bmi 78 1,827.327 2,196.160 -835.664 1,671.327 15.778 24 0.896  
m3.1_emo 6 1,918.185 1,946.556 -953.092 1,906.185     

m3.2_emo 50 1,873.974 2,110.405 -886.987 1,773.974 132.211 44 0.000 *** 
m3.5_emo_bp 51 1,867.127 2,108.287 -882.564 1,765.127 8.847 1 0.003 ** 
m3.6_emo_bp 54 1,840.301 2,095.647 -866.151 1,732.301 32.826 3 0.000 *** 
m3.7_emo_bp 74 1,855.488 2,205.406 -853.744 1,707.488 24.813 20 0.209  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRT indicated that BMI and Berlin proximity added in the fixed structure nested within Test 
improves the model’s fit. 
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Table 8. 19: LRT 3 of fixed effects in INT M3 - physical fitness 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m3.1_emo 6 1,918.185 1,946.556 -953.092 1,906.185     

m3.2_emo 50 1,873.974 2,110.405 -886.987 1,773.974 132.211 44 0.000 *** 
m3.6_emo_bmi 54 1,795.105 2,050.451 -843.553 1,687.105 86.869 4 0.000 *** 
m3.6_emo_bmibp 58 1,788.050 2,062.310 -836.025 1,672.050 15.055 4 0.005 ** 
m3.6_emo_bmibp2 62 1,789.523 2,082.698 -832.762 1,665.523 6.527 4 0.163  
m3.1_emo 6 1,918.185 1,946.556 -953.092 1,906.185     

m3.2_emo 50 1,873.974 2,110.405 -886.987 1,773.974 132.211 44 0.000 *** 
m3.6_emo_bp 54 1,840.301 2,095.647 -866.151 1,732.301 41.673 4 0.000 *** 
m3.6_emo_bmibp 58 1,788.050 2,062.310 -836.025 1,672.050 60.251 4 0.000 *** 
m3.6_emo_bmibp2 62 1,789.523 2,082.698 -832.762 1,665.523 6.527 4 0.163  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

LRT further indicated that BMI and Berlin proximity both added to the fixed structure nested 
within Test without interactions improves the model’s fit. Accordingly, m3.6_emo_bmibp was 
reported in Section 3.5.1.1.
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8.3.6 INT M3: executive function  

8.3.6.1 Model fitting 

Table 8. 21: LRT 1 of fixed effects in INT M3 - executive function 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m3.1_cog 7 2,832.854 2,867.629 -1,409.427 2,818.854     

m3.2_cog 62 2,451.983 2,759.994 -1,163.992 2,327.983 490.870 55 0.000 *** 
m3.3_cog_abp 65 2,455.093 2,778.007 -1,162.547 2,325.093 2.890 3 0.409  
m3.4_cog_all 66 2,454.411 2,782.293 -1,161.206 2,322.411 2.682 1 0.102  
m3.1_cog 7 2,832.854 2,867.629 -1,409.427 2,818.854     

m3.2_cog 62 2,451.983 2,759.994 -1,163.992 2,327.983 490.870 55 0.000 *** 
m3.3_cog_gbp 65 2,452.707 2,775.621 -1,161.354 2,322.707 5.276 3 0.153  
m3.4_cog_all 66 2,454.411 2,782.293 -1,161.206 2,322.411 0.296 1 0.587  
m3.1_cog 7 2,832.854 2,867.629 -1,409.427 2,818.854     

m3.2_cog 62 2,451.983 2,759.994 -1,163.992 2,327.983 490.870 55 0.000 *** 
m3.3_cog_gap 65 2,454.039 2,776.953 -1,162.020 2,324.039 3.944 3 0.268  
m3.4_cog_all 66 2,454.411 2,782.293 -1,161.206 2,322.411 1.628 1 0.202  
m3.1_cog 7 2,832.854 2,867.629 -1,409.427 2,818.854     

m3.2_cog 62 2,451.983 2,759.994 -1,163.992 2,327.983 490.870 55 0.000 *** 
m3.3_cog_gab 65 2,452.597 2,775.511 -1,161.299 2,322.597 5.386 3 0.146  
m3.4_cog_all 66 2,454.411 2,782.293 -1,161.206 2,322.411 0.186 1 0.666  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRT indicated that including BMI, Berlin proximity, age, and gender in the fixed factors do 
not improve the model’s fit. Accordingly, all covariates were dropped and m3.2_cog was 
reported in Section 3.5.2.1. 
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8.4 Supplementary Material Chapter 4 

8.4.1 Correlation of InBody parameters 

 
Figure 8. 2: Correlations for anthropometric parameters assessed using the InBody; height = body 
height [cm], mass = body mass [kg], fat = body fat mass [kg], fat_p = body fat percent [%], muscle = 
body muscle mass [kg], muscle_p = body muscle mass percent [%], w_mf = sum of muscle mass and 
fat mass [kg], lean = body lean mass 
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8.4.2 Model selection 

Table 8. 23: LRT 1 of fixed effects 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m1_0 10 4,233.194 4,287.987 -2,106.597 4,213.194     

m1_m 15 3,644.544 3,726.734 -1,807.272 3,614.544 598.650 5 0 *** 
m1_hm 20 3,627.413 3,736.999 -1,793.706 3,587.413 27.131 5 0 *** 
m1_0 10 4,233.194 4,287.987 -2,106.597 4,213.194     

m1_h 15 3,938.921 4,021.110 -1,954.460 3,908.921 304.274 5 0 *** 
m1_hm 20 3,627.413 3,736.999 -1,793.706 3,587.413 321.508 5 0 *** 
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

Including body mass and height into the model, nested within Test, improve the fit. 
 

Table 8. 24: LRT 2 of fixed effects 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m1_hm 20 3,627.413 3,736.999 -1,793.706 3,587.413     

m2_h2 25 3,629.874 3,766.856 -1,789.937 3,579.874 7.539 5 0.184  
m2_h2m2 30 3,621.639 3,786.018 -1,780.819 3,561.639 18.235 5 0.003 ** 
m1_hm 20 3,627.413 3,736.999 -1,793.706 3,587.413     

m2_m2 25 3,621.002 3,757.984 -1,785.501 3,571.002 16.411 5 0.006 ** 
m2_h2m2 30 3,621.639 3,786.018 -1,780.819 3,561.639 9.363 5 0.095  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

LRT revealed only significant quadratic effects for body mass improves models fit. 
 

Table 8. 25: LRT 3 of fixed effects 

model npar AIC BIC logLik deviance Chisq Df p sig 
m2_m2 25 3,621.002 3,757.984 -1,785.501 3,571.002     

m3_hm1 30 3,615.165 3,779.544 -1,777.582 3,555.165 15.837 5 0.007 ** 
m3_hm2 35 3,621.845 3,813.620 -1,775.922 3,551.845 3.320 5 0.651  
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
Second-order interactions showed significant improvements in models fitted for interactions of 
body size with linear but not quadratic trends in body mass. Accordingly, m3_hm1 was 
reported in Section 4.2. 
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8.4.3 Means and standard deviations of model variables 

Table 8. 26: Means and standard deviation of the model variables 

Time t0 t1 t2 t3 t6 t8 
gender [girl/boy] 35/41 31/39 28/40 28/35 18/26 16/21 
body height [cm] 138.6±7.8 140.9±7.8 142.1±7.8 144.6±8.5 148±7.7 154.1±8 
body mass [kg] 36.4±12.3 38.4±12.7 39.5±12.8 42±14.2 44.7±13.4 51.9±18.7 
age [years] 9.2±0.5 9.4±0.5 9.6±0.5 10.1±0.5 10.7±0.5 11.6±0.5 
20 m sprint [m/s] 4.1±0.4 4.1±0.4 4.1±0.4 4.1±0.4 4.2±0.4 4.3±0.4 
standing long jump [cm] 107.6±18.7 108.2±19.3 109.8±19.8 111.7±20.4 114±21 123.8±20.9 
star run [m/s] 1.8±0.2 1.8±0.2 1.8±0.2 1.9±0.2 2±0.2 2±0.2 
6 min run [m] 858.6±125.5 877.9±133.9 846.4±139.4 868±136.3 864.2±146.2 843.9±177.4 
ball push test [m] 3.6±0.7 3.7±0.7 3.6±0.6 3.8±0.7 4.1±0.7 4.8±0.8 
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8.5 Supplementary Material Chapter 5 

8.5.1 Correlation age, maturity, and their principal components 

 
Figure 8. 3: Correlations for age-related parameters; a1 = age centered at 0 [years], m1 = maturity 
offset centered at 0 (Mirwald) [years], m2 = maturity offset centered at 0 (Moore) [years], m1pc1 = 
first principal component of age and maturity (Mirwald) [z-score], m1pc2 = second principal 
component of age and maturity (Mirwald) [z-score], m2pc1 = first principal component of age and 
maturity (Moore) [z-score], m2pc2 = second principal component of age and maturity (Moore) [z-
score] 
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8.5.2 Model 1: Effect of maturity offset according to Mirwald, age, and gender on physical 

fitness 

8.5.2.1 Model selection 

Table 8. 27: LRT 1 of fixed effects in Model 1 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m1 2 3,251.739 3,262.246 -1,623.870 3,247.739     

m2_p1 14 3,093.607 3,167.155 -1,532.803 3,065.607 182.132 12 0 *** 
m2_all 18 3,005.397 3,099.959 -1,484.699 2,969.397 96.210 4 0 *** 
m1 2 3,251.739 3,262.246 -1,623.870 3,247.739     

m2_p2 14 3,021.588 3,095.137 -1,496.794 2,993.588 254.151 12 0 *** 
m2_all 18 3,005.397 3,099.959 -1,484.699 2,969.397 24.191 4 0 *** 
m1 2 3,251.739 3,262.246 -1,623.870 3,247.739     

m2_ge 14 3,019.143 3,092.691 -1,495.571 2,991.143 256.596 12 0 *** 
m2_all 18 3,005.397 3,099.959 -1,484.699 2,969.397 21.746 4 0 *** 
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

LRTs indicate that both principal components and gender improve the models fit. 
Table 8. 28: LRT 2 of fixed effects in Model 1 

model npar AIC BIC logLik deviance Chisq Df p sig 
m2_all 18 3,005.397 3,099.959 -1,484.699 2,969.397     

m311 22 3,010.470 3,126.046 -1,483.235 2,966.470 2.927 4 0.570  
m32 26 3,016.290 3,152.880 -1,482.145 2,964.290 2.180 4 0.703  
m33 34 3,012.921 3,191.539 -1,472.460 2,944.921 19.369 8 0.013 * 
m2_all 18 3,005.397 3,099.959 -1,484.699 2,969.397     

m312 22 3,011.091 3,126.668 -1,483.546 2,967.091 2.306 4 0.680  
m32 26 3,016.290 3,152.880 -1,482.145 2,964.290 2.801 4 0.592  
m33 34 3,012.921 3,191.539 -1,472.460 2,944.921 19.369 8 0.013 * 
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRTs reveal a significance third order interaction, however the model is very likely to be 
overparametrise according to AIC and BIC. 
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Table 8. 29: LRT 3 of fixed effects in Model 1 

model npar AIC BIC logLik deviance Chisq Df p sig 
m2_all 18 3,005.397 3,099.959 -1,484.699 2,969.397     

m3_p1 20 2,987.174 3,092.243 -1,473.587 2,947.174 22.223 2 0 *** 
m3 23 2,967.072 3,087.902 -1,460.536 2,921.072 26.101 3 0 *** 
m2_all 18 3,005.397 3,099.959 -1,484.699 2,969.397     

m3_p2 20 2,990.027 3,095.096 -1,475.013 2,950.027 19.370 2 0 *** 
m3 23 2,967.072 3,087.902 -1,460.536 2,921.072 28.954 3 0 *** 
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
Both principal components entered into the random effect structure of Child did significantly 
improve the fit of the model. Accordingly, m3 will be reported in Section 5.3. 
 

8.5.3 Model 2: Effect of maturity offset according to Moore, age, and gender on physical fitness 

8.5.3.1 Model selection 

Table 8. 30: LRT 1 of fixed effects in Model 2 

Model npar AIC BIC logLik deviance Chisq Df p sig 
m4 2 3,251.739 3,262.246 -1,623.870 3,247.739     

m5_p1 14 3,133.981 3,207.529 -1,552.990 3,105.981 141.759 12 0.000 *** 
m5_all 18 3,025.249 3,119.812 -1,494.625 2,989.249 116.731 4 0.000 *** 
m4 2 3,251.739 3,262.246 -1,623.870 3,247.739     

m5_p2 14 3,029.002 3,102.551 -1,500.501 3,001.002 246.737 12 0.000 *** 
m5_all 18 3,025.249 3,119.812 -1,494.625 2,989.249 11.753 4 0.019 * 
m4 2 3,251.739 3,262.246 -1,623.870 3,247.739     

m5_ge 14 3,030.911 3,104.460 -1,501.456 3,002.911 244.828 12 0.000 *** 
m5_all 18 3,025.249 3,119.812 -1,494.625 2,989.249 13.662 4 0.008 ** 
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 

LRTs indicate that both principal components and gender improve the models fit. 
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Table 8. 31: LRT 2 of fixed effects in Model 2 

model npar AIC BIC logLik deviance Chisq Df p sig 
m5_all 18 3,025.249 3,119.812 -1,494.625 2,989.249     

m511 22 3,031.705 3,147.282 -1,493.853 2,987.705 1.544 4 0.819  
m52 26 3,036.331 3,172.921 -1,492.165 2,984.331 3.374 4 0.497  
m53 34 3,032.803 3,211.421 -1,482.401 2,964.803 19.528 8 0.012 * 
m5_all 18 3,025.249 3,119.812 -1,494.625 2,989.249     

m512 22 3,030.231 3,145.807 -1,493.115 2,986.231 3.019 4 0.555  
m52 26 3,036.331 3,172.921 -1,492.165 2,984.331 1.900 4 0.754  
m53 34 3,032.803 3,211.421 -1,482.401 2,964.803 19.528 8 0.012 * 
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
LRTs reveal a significance third order interaction, however the model is very likely to be 
overparametrise according to AIC and BIC. 
Table 8. 32: LRT 3 of fixed effects in Model 2 

model npar AIC BIC logLik deviance Chisq Df p sig 
m5_all 18 3,025.249 3,119.812 -1,494.625 2,989.249     

m6_p1 20 3,008.201 3,113.270 -1,484.100 2,968.201 21.049 2 0 *** 
m6 23 2,990.853 3,111.683 -1,472.427 2,944.853 23.348 3 0 *** 
m5_all 18 3,025.249 3,119.812 -1,494.625 2,989.249     

m6_p2 20 3,007.803 3,112.872 -1,483.901 2,967.803 21.446 2 0 *** 
m6 23 2,990.853 3,111.683 -1,472.427 2,944.853 22.950 3 0 *** 
npar = number of parameters; AIC = Akaike information criterion; BIC = Bayesian 
information criterion; loglik; Chisp = chi square; DF = degrees of freedom 
Both principal components entered into the random effect structure of Child did significantly 
improve the fit of the model. Accordingly, m6 will be reported in Section 5.4. 

8.5.4 Means and standard deviations of model variables 

Table 8. 33: Means and standard deviation of the model variables used in INT M1 physical fitness 

Time t0 t1 t2 t3 t6 t8 
gender [girl/boy] 35/41 29/38 28/37 28/33 18/26 15/19 
maturity offset (Mirwald) 
[years] -2.9±0.8 -2.6±0.8 -2.5±0.8 -2.1±0.9 -1.7±0.9 -0.8±1 

maturity offset (Moore) 
[years] -2.9±0.6 -2.7±0.6 -2.6±0.6 -2.2±0.7 -1.7±0.8 -0.9±0.8 

age [years] 9.2±0.5 9.4±0.5 9.6±0.5 10.1±0.6 10.7±0.5 11.6±0.5 
20 m sprint [m/s] 4.1±0.4 4.1±0.4 4.1±0.4 4.1±0.4 4.2±0.4 4.3±0.4 
standing long jump [cm] 107.6±18.7 108±19.6 109.8±20.1 111.9±20.7 114±21 123.6±21.3 
star run [m/s] 1.8±0.2 1.8±0.2 1.8±0.2 1.9±0.2 2±0.2 2±0.3 
6 min run [m] 858.6±125.5 878.8±134.7 846.4±139.4 868±136.3 864.2±146.2 843.9±177.4 
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9 Julia 

9.1 Supplementary Material Chapter 6 

9.1.1 Main effects Simon Task 9.1.1.1 Model selection 

• m0: speed ~ 1 + Congruence + Colour + Side + a1 + gender + (1 | Child) 
• m0C1: speed ~ 1 + Congruence * a1 + gender + Colour + Side + (1 | Child) 
• m0C2: speed ~ 1 + Congruence * (a1 + gender) + Colour + Side + (1 | Child) 

No improvements of the models fit due to interactions between the Congruence with age and 
gender. 
• m1: speed ~ 1 + Congruence + Side + Colour + a1 + gender + (1 + Congruence + a1 | 
Child) 

• m2: speed ~ 1 + Congruence + Side + Colour + a1 + gender + (1 + Congruence + Side 
+ Colour + a1 | Child) 

Including Congruence, Colour, Side, and age as variance components in the random effect 
structure of Child improves the models fit. 
• m3: speed ~ 1 + Congruence + Side + Colour + a1 + gender + zerocorr(1 + Congruence 
+ Side + Colour + a1 | Child) 

Keeping all correlation parameters from the random effect structure of Child has the better fit. 
• m4: speed ~ 1 + Congruence + Side + Colour + a1 + gender + (1 + a1 | Child) + 
zerocorr(0 + Congruence + Side + Colour | Child) 

 
Table 9. 1: LRT of m0, m0C1, and m0C2 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m0           8 882.824   898.824   898.831   962.41       
2 m0C1         9 881.472   899.472   899.481   971.007   1.351   1.0      0.245 
3 m0C2        10 880.731   900.731   900.742   980.214   0.741   1.0      0.389 

 

Table 9. 2: LRT of m0, m1, and m2 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m0           8 882.824   898.824   898.831   962.41       
2 m1          13    500.56 526.56    526.577   629.887   382.264   5.0      0.0 
3 m2          22    381.669   425.669   425.717 600.531   118.891   9.0      0.0 

 

Table 9. 3: LRT of m2 and m3 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m3          12    408.198   432.198   432.212   527.577      
2 m2          22    381.669   425.669   425.717   600.531   26.529   10.0     0.003 
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Table 9. 4: LRT of m2, m4 and m3 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m3          12    408.198   432.198   432.212   527.577      
2 m4          13    403.936   429.936   429.954   533.264   4.261    1.0      0.039 
3 m2          22    381.669   425.669   425.717   600.531   22.267   9.0     0.008 

Including the individual correlation parameters Congruence, Colour, Side, and age gives the 
best fit. Accordingly, m2 is reported in Section 6.3.2. 

 

9.1.1.2 Means and standard deviations of model variabels 

 

Table 9. 5: Means and standard deviations of Simon task reaction times by condition and assessment 

Row Condition                      t0         t1         t2         t3         t6         t8        
1 number of 

reaction times [n]   
4388       4059       3904       3838       2586       2141 

2 age [years]                    9.2±0.5    9.4±0.5    9.6±0.5    10.1±0.5   10.7±0.5   11.6±0.5 
3 gender 

[girls/boys]            
35/41      30/39      28/40      28/37      18/26      16/21 

 
4 blue left 

(incongruent)        
1318±455   1206±427   1172±501   1090±434   1088±478   917±299 

5 blue right 
(congruent)         

1265±573   1200±575   1093±350   1047±425   1013±494   859±317 

6 red left 
(congruent)           

1231±505   1168±514   1092±514   1018±425   1049±499   897±398 

7 red right 
(incongruent)        

1303±481   1279±635   1204±679   1079±442   1119±524   896±290 
 

 

9.1.2 Simon Task x EMOTIKON 

9.1.2.1 Model selection 

A minimal model m4_m0 was fitted according to the structure of m2. All EMOTIKON tests 
were included in m4_mall. Six additional models were fitted (m4_mRUN, m4_mStar, 
m4_mS20, m4_mSLJ, m4_mBPT, & m4_mOLB), with each dropping one EMOTIKON test. 
• m4_m0: speed ~ 1 + Congruence + Side + Colour + a1 + gender + (1 + Congruence + 
Side + Colour + a1 | Child) 

• m4_mRun: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Star_r + S20_r + 
SLJ + BPT + OLB_l + (1 + Congruence + Side + Colour + a1 | Child) 

• m4_mStar: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + S20_r + 
SLJ + BPT + OLB_l + (1 + Congruence + Side + Colour + a1 | Child) 

• m4_mS20: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + Star_r + 
SLJ + BPT + OLB_l + (1 + Congruence + Side + Colour + a1 | Child) 

• m4_mSLJ: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + Star_r + 
S20_r + BPT + OLB_l + (1 + Congruence + Side + Colour + a1 | Child) 



 166 

• m4_mBPT: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + Star_r + 
S20_r + SLJ + OLB_l + (1 + Congruence + Side + Colour + a1 | Child) 

• m4_mOLB: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + Star_r + 
S20_r + SLJ + BPT + (1 + Congruence + Side + Colour + a1 | Child) 

• m4_mall: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + Star_r + 
S20_r + SLJ + BPT + OLB_l + (1 + Congruence + Side + Colour + a1 | Child)  

 
Table 9. 6: LRT of m4_m0, m4_mRun, and m4_mall 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m4_m0 22 410.105   454.105   454.155   628.218      
2 m4_mRun      27 367.127   421.127   421.202   634.811   42.978   5.0      0.0 
3 m4_mall 28 371.32    427.32    427.401   648.919   -4.193   1.0      NaN 

LRT reveals that including Run improves the models fit. 

 
Table 9. 7: LRT of m4_m0, m4_mStar, and m4_mall 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m4_m0 22 410.105   454.105   454.155   628.218      
2 m4_mStar      27 380.002   434.002   434.077   647.686   30.103   5.0      0.0 
3 m4_mall 28 371.32    427.32    427.401   648.919   8.682    1.0      0.003 

LRT reveals that including Star improves the models fit. 

 
Table 9. 8: LRT of m4_m0, m4_mS20, and m4_mall 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m4_m0 22 410.105   454.105   454.155   628.218      
2 m4_mS20      27 364.421   418.421   418.496   632.105   45.684   5.0 0.0 
3 m4_mall 28 371.32    427.32    427.401   648.919   -6.899   1.0 NaN 

LRT reveals that including S20_r does not improve the models fit. 

 
Table 9. 9: LRT of m4_m0, m4_mSLJ, and m4_mall 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m4_m0 22 410.105   454.105   454.155   628.218      
2 m4_mSLJ      27 361.089   415.089   415.164   628.773   49.016    5.0 0.0 
3 m4_mall 28 371.32    427.32    427.401   648.919   -10.231   1.0 NaN 

LRT reveals that including SLJ does not improve the models fit.  

 
Table 9. 10: LRT of m4_m0, m4_mBPT, and m4_mall 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m4_m0 22 410.105   454.105   454.155   628.218      
2 m4_mBPT      27 361.124   415.124   415.199   628.808   48.981    5.0 0.0 
3 m4_mall 28 371.32    427.32    427.401   648.919   -10.196   1.0 NaN 
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LRT reveals that including BPT does not improve the models fit.  
  
Table 9. 11: LRT of m4_m0, m4_mOLB, and m4_mall 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m4_m0 22 410.105   454.105   454.155   628.218      
2 m4_mOLB      27 381.117   435.117   435.192   648.801   28.988   5.0 0.0 
3 m4_mall 28 371.32    427.32    427.401   648.919   9.797    1.0 0.002 

LRT reveals that including OLB improves the models fit. 
Accordingly, a optimal model m5 using Run, Star, and OBL was fitted. 
• m5: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + Star_r + OLB_l 
+ (1 + a1 + Congruence + Side + Colour | Child) 

 
Table 9. 12: LRT of m4_m0, m5, and m4_mall 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m4_m0 22 410.105   454.105   454.155   628.218      
2 m5  25 364.552   414.552   414.617   612.408   45.553   3.0 0.0 
3 m4_mall 28 371.32    427.32    427.401   648.919   -6.768   3.0      NaN 

Verification that dropping S20_r, SLJ, and BPT does not affect the models overall fit. 

 
Checking for interactions of fixed effects: 
• m6: speed ~ 1 + (Congruence + Side + Colour) * (Run + Star_r + OLB_l) + a1 + gender 
+ (1 + a1 + Congruence + Side + Colour | Child) 

 
Table 9. 13: LRT of m5, and m6 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m5  25 364.552   414.552   414.617   612.408      
2 m6 34    358.744   426.744   426.862   695.828   5.808   9.0      0.759 

 
 LRT shows no improvement of model fit for including interactions between Simon task 
parameters (i.e., Congruence, Colour, and Side) and EMOTIKON tests (Run, Star, and OLB). 
Next, Run, Star and, OLB are included in the random effects without CP (i.e., m7) and with 
(i.e., m8). 
• m7: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + Star_r + OLB_l 
+ (1 + a1+ Congruence + Side + Colour | Child) + zerocorr(0 + Run + Star_r + OLB_l 
| Child) 

• m8: speed ~ 1 + Congruence + Side + Colour + a1 + gender + Run + Star_r + OLB_l 
+ (1 + a1+ Congruence + Side + Colour + Run + Star_r + OLB_l | Child) 
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Table 9. 14: LRT of m5, m7, and m8 

Row name     dof     deviance   AIC       AICc      BIC       χ²      χ²_dof   pvalue 
1 m5  25 364.552   414.552   414.617   612.408      
2 m7          28      -350.44    -294.44    -294.36    -72.8415   714.992   3.0      0.0 
3 m8          46   -414.837   -322.837   -322.623    41.2173   64.397    18.0     0.0 

 
Including Run, Star, and OLB as variance components with associated correlation parameters 
in the random effects structure has the best fit. 
Accordingly, m8 was reported in Section 6.4.2. 

 

9.1.2.2 Fixed and random effects of m5 

Table 9. 15: Fixed effects of m5 

Name Est. SE z p 
Grand mean 0.987     0.018   54.5   <0.001 
Congruence: con 0.029     0.003   11.2   <0.001 
Side: right -0.004     0.002   -1.8   0.076 
Colour: red 0.005     0.003   1.6   0.102 
a1 0.125     0.009   13.5   <0.001 
gender: boy 0.045     0.016   2.9   0.004 
Run -0.011     0.005   -2.4   0.018 
Star_r 0.023     0.005   4.7   <0.001 
OLB_l 0.005   0.003   4.7   <0.001 

 
Table 9. 16: Random effects of m5 

Groups Name Var SD Corr    
Child Grand mean 0.148     0.022     
 a1 0.07      0.005   0.361    
 Congruence: con 0.016     0.0     0.066   0.068   
 Side: right 0.012     0.0     -0.09   0.22    -0.056  
 Colour: red 0.024     0.001   -0.43   0.113   -0.431   -0.617 
Residual  0.24      0.058     
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9.1.2.3 Means and standard deviations of model variabels 

Table 9. 17: Mean and standard deviations of variables used in m5 and m8 

Row Condition                      t0         t1         t2         t3         t6         t8        
1 number of 

reaction times [n]   
4388       3940       3724       3611       2586       1967 

2 age [years]                    9.2±0.5    9.4±0.5    9.6±0.5    10.1±0.6   10.7±0.5   11.6±0.5 
3 gender 

[girls/boys]            
35/41      29/38      28/37      28/33      18/26      15/19 

4 20 m sprint [m/s] 4.1±0.4    4.1±0.4    4.1±0.4    4.1±0.4    4.2±0.4    4.3±0.4 
5 star run [m/s] 1.8±0.2    1.8±0.2    1.8±0.2    1.9±0.2    2±0.2      2±0.3 
6 ball push test [m] 3.6±0.7    3.7±0.7    3.7±0.6    3.8±0.7    4.1±0.7    4.8±0.8 
7 one leg balance 

[log(s)] 
2±0.8      2.2±0.7    2.1±0.8    2.1±0.8    2.4±0.6    2.5±0.7 

8 6 min run [m] 859±125    879±135    846±139    868±136    864±146    844±177 
9 standing long 

jump [cm] 
108±19     108±20     110±20     112±21     114±21     124±21 

4 blue left 
(incongruent)        

1318±455   1206±426   1177±510   1094±442   1088±478   922±307 

5 blue right 
(congruent)         

1265±573   1202±580   1095±355   1051±434   1013±494   861±319 

6 red left 
(congruent)           

1231±505   1170±516   1095±524   1016±395   1049±499   902±392 

7 red right 
(incongruent)        

1303±481   1274±627   1210±693   1083±449   1119±524   900±293 
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