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Summary 
 
Introduction 

 

The benefits of physical activity on cognitive function are well 

known; contrarily, the associations with cognitive development and 

brain maturation require further study. Cognitive development is a 

relevant outcome in epidemiological research; nevertheless the 

literature about its determinants and growth trajectories is scarce. 

This thesis aims to study the determinants and trajectories of 

cognitive development, as well as the role of physical activity on 

cognitive and brain development in children aged 4 to 14 years old. 

 

Methods 

 

We used data from two Spanish cohorts (INMA and BREATHE) 

and one Dutch cohort (Generation R). Teachers reported Attention 

Deficit and Hyperactivity Disorder (ADHD) symptoms of the 

participants through questionnaires. Cognitive development, 

specifically of attention and working memory, was tested by using 

computerized-based tasks. Growth trajectories were constructed 

based on four repeated cognitive measurements during a 1-year 

period in 7- to 11-year-old children. Physical activity was reported 

by parents through questionnaires. Magnetic Resonance Imaging 

data was collected in Generation R when children were 6-to-10 

years old. 

 

Results 

 

(1) Preschool ADHD symptoms were associated with worse 

attention function at puberty. (2) Working memory task 

performance showed developmental trajectories. The cognitive 

growth was more pronounced at younger ages and in girls, as well 

as delayed in children with ADHD symptoms. (3) Physical activity 

levels were positively associated with baseline cognitive 

performance, although no consistent associations were found with 

cognitive growth trajectories. (4) Sports participation was related to 

cortical maturation. (5) Early physical activity was associated with 

higher working memory performance at school age and 

adolescence.  



 

 x 

Conclusions 

 

Age, gender and ADHD symptoms were identified as important 

determinants of cognitive development. The use of cognitive 

growth trajectories in epidemiological research was supported. 

Physical activity during childhood was positively associated with 

brain maturation and promoted cognitive development.  
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Resum 
 

 

Introducció 

 

Els beneficis de l’activitat física en la funció cognitiva són ben 

coneguts, per contra, les associacions amb el desenvolupament 

cognitiu i la maduració cerebral requereixen ser més ampliament 

estudiades. El desenvolupament cognitiu és una variable important 

en recerca epidemiològica, tot i això, els estudis sobre els seus 

determinants i les trajectòries de creixement són escassos. Aquesta 

tesi pretén estudiar els determinants i les trajectòries del 

desenvolupament cognitiu, així com el paper de l’activitat física en 

el desenvolupament cognitiu i cerebral en nens entre 4 i 14 anys.  

 

Mètodes 

 

Vam utilitzar dades de dues cohorts espanyoles (INMA i 

BREATHE) i una cohort holandesa (Generation R). Els mestres van 

avaluar els símptomes de Trastorn per Dèficit d’Atenció i 

Hiperactivitat (TDAH) dels participants a través de qüestionaris. El 

desenvolupament cognitiu, en concret d’atenció i memòria de 

treball, es va avaluar amb tasques computeritzades. Les trajectòries 

de creixement es van generar a partir de quatre mesures cognitives 

repetides durant un període d’un any en nens de 7 a 11 anys. 

L’activitat física va ser informada pels pares a través de 

qüestionaris. Es van recollir dades de ressonància magnètica a 

Generation R quan els nens tenien de 6 a 10 anys. 

 

Resultats 

 

(1) Els símptomes de TDAH en preescolars es van associar amb una 

pitjor funció atencional a la pubertat. (2) El rendiment a la tasca de 

memòria de treball va mostrar trajectòries de desenvolupament. El 

creixement cognitiu va ser més pronunciat en els nens més joves i 

en les nenes, així com tardà en nens amb símptomes de TDAH. (3) 

Els nivells d’activitat física estaven associats positivament amb el 

rendiment cognitiu basal, però no es van trobar associacions 

consistents amb les trajectòries de creixement cognitiu. (4) La 

participació en esports estava relacionada amb la maduració 



 

 xii 

cortical. (5) L’activitat física primerenca estava associada amb una 

millor memòria de treball en l’edat escolar i l’adolescència. 

 

Conclusions 
 

L’edat, el sexe i els símptomes de TDAH es van identificar com a 

determinants importants del desenvolupament cognitiu. L’ús de les 

trajectòries de creixement cognitiu en recerca epidemiològica va ser 

recolzat. L’activitat física durant la infantesa es va associar 

positivament amb la maduració del cervell i va promoure el 

desenvolupament cognitiu.  
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Preface 
 

 

This thesis represents a compilation of the scientific publications 

led by the PhD candidate, supervised by Prof. Jordi Sunyer Deu, 

according to the procedures of the Biomedicine PhD program of the 

Department of Experimental and Health Sciences of Pompeu Fabra 

University. The book includes an abstract, a general introduction 

with a review of the relevant literature, the thesis’ rationale and 

objectives, the methods, the research results (five original papers, 

three of them published), a global discussion and final conclusions. 

Most of the work, that included data collection, management and 

analysis, was performed by the PhD candidate at the Center for 

Research in Environmental Epidemiology (CREAL) in Barcelona 

(Spain), which is part of the Barcelona Institute for Gobal Health 

(ISGlobal) since July 2016. One of the publications was performed 

at Erasmus Medical Center in Rotterdam (The Netherlands). 

 

The thesis aims to improve neurodevelopmental characterization as 

a process for epidemiological research and to study the effects of 

physical activity on cognitive and brain maturation in children. The 

first two articles included in this thesis address the first objective 

and the other three are related to the second objective. The 

publications are based on Spanish (INMA and BREATHE) and 

Dutch (Generation R) child populations. Papers I and V were based 

on INMA cohort, Papers II and III were performed using 

BREATHE sample and MRI data from the Generation R cohort was 

used for Paper IV. We used computer-based neuropsychological 

instruments. The information of physical activity was reported by 

parents through questionnaires in the three samples. 
 

 

 

 





 

 xv 

Contents 

 

Acknowledgements ......................................................................... v 

Summary ........................................................................................ ix 

Resum ............................................................................................. xi 

Preface .......................................................................................... xiii 

1. INTRODUCTION ...................................................................... 1 

1.1 First section: Physical activity in childhood ........................... 1 
a) Definitions ............................................................................ 1 

b) Sources of physical activity in children ............................... 2 

c) The relevance of an active lifestyle ...................................... 4 

d) Activity patterns across life .................................................. 5 

e) Measurement of physical activity in children ...................... 7 

1.2 Second section: Cognitive functions in childhood ............... 10 
a) Cognitive development ....................................................... 10 

b) Measurement of cognitive functions in children ................ 13 

1.3 Third section: Brain maturation ........................................... 15 
a) The human brain ................................................................. 15 

b) The evolution of the human brain ...................................... 17 

c) The maturation of the human brain .................................... 18 

1.4 Fourth section: Physical activity and neurodevelopment ... 20 
a) Physical activity and cognitive functions in children ......... 20 

b) Underlying mechanisms ..................................................... 22 

2. RATIONALE ............................................................................ 31 

3. OBJECTIVES ........................................................................... 33 

4. METHODS ................................................................................ 35 



 

 xvi 

4.1 Participants ............................................................................. 35 
a) INMA ................................................................................. 35 

b) BREATHE ......................................................................... 35 

c) Generation R ....................................................................... 35 

4.2 Neuropsychological instruments ........................................... 36 
a) ADHD-DSM-IV ................................................................. 36 

b) Continuous Performance Test II (CPT-II) ......................... 36 

c) N-Back task ........................................................................ 36 

d) Attentional Network Task (ANT) ...................................... 37 

4.3 Questionnaires ........................................................................ 38 
a) INMA ................................................................................. 38 

b) BREATHE ......................................................................... 38 

c) Generation R ....................................................................... 39 

4.4 Magnetic Resonance Imaging ................................................ 39 

5. RESULTS .................................................................................. 41 

5.1 Paper I ..................................................................................... 43 

5.2 Paper II .................................................................................... 55 

5.3 Paper III .................................................................................. 69 

5.4 Paper IV .................................................................................. 85 

5.5 Paper V .................................................................................. 113 

6. GENERAL DISCUSSION ..................................................... 139 

6.1 Contributions and implications for public health ............. 139 

6.2 Strengths ................................................................................ 142 

6.3 Limitations ............................................................................ 143 

6.4 Future research ..................................................................... 145 

7. CONCLUSIONS ..................................................................... 147 



 

 xvii 

REFERENCES ........................................................................... 149 

GLOSSARY ................................................................................ 167 

ANNEX ........................................................................................ 169 
 

 





 

 1 

1. INTRODUCTION 
 

The foremost international sports event, the Olympic Games, was 

originated around 776 B.C. by the Greeks. The Games were held 

every 4 years for nearly 12 centuries in honour of the god Zeus. In 

393 A.D. the Roman Emperor Theodosius ordered that all such 

“pagan cults” be banned. Baron Pierre de Coubertin of France re-

launched the Games in 1896 until today. The importance of 

physical activity and sports for maintaining health has been 

expressed since Ancient Greece. One of the first noted physicians, 

Hippocrates, said, “If we could give every individual the right 

amount of nourishment and exercise, we would have found the 

safest way to health.” However, in 1975 Milton Terris, an American 

epidemiologist, observed, “physical fitness and physical education 

have no respected place in the American public health movement” 

(1). Ten years later the U. S. Public Health Service declared 

“Physical Fitness and Exercise” as 1 of the 15 areas of greatest 

importance for improving the health of the population (2). 

 

 

1.1 First section: Physical activity in childhood 

a) Definitions 
 

The American College of Sports Medicine (ACSM) defines 

“physical activity” as any bodily movement produced by the 

contraction of skeletal muscles that results in a substantial increase 

in caloric requirements over resting energy expenditure. “Exercise” 

is defined as a type of physical activity consisting of planned, 

structured, and repetitive bodily movement done to improve and/or 

maintain one or more components of physical fitness. “Physical 

fitness” is a set of attributes or characteristics individuals have or 

achieve that relates to their ability to perform physical activity (3). 

“Sport” is a subcomponent of exercise, which includes rules, 

structure, gross motor movements based on strategy and also can 

have a competitive element (4).  
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b) Sources of physical activity in children 
 

The most common sources of physical activity in children are 

school physical education, outdoor play, active transport, and sports 

participation.  

 

Physical education (PE) does not only provide opportunities for 

physical activity in children, PE has traditionally pursued objectives 

in the cognitive, social, and emotional domains (5). Physical 

activity in schools is associated with academic achievement 

including lower drop-out rates, better classroom behaviour, higher 

self-esteem and engagement in school, and on-task behaviour (6,7). 

Schools are ideal settings to ensure students from all risk groups the 

recommended amount of physical activity (5,8–12). Although most 

schools require PE as part of their curriculum, PE classes may occur 

infrequently and children are often relatively inactive in these 

classes (5). Increasing the frequency and duration of PE is not 

always feasible given competing curricular demands.  

 

Children’s unstructured outdoor free-play makes an important 

contribution to their overall physical activity levels (13–15). 

McKenzie et al. (16) reported that preschoolers spent 41.1% of their 

recess time in moderate-to-vigorous-physical activity (MVPA), 

considering walking as MVPA. More recently, preschool children 

were found to spend 11.2%-27.4% of outdoor recess time in MVPA 

(17–19). One longitudinal study found that for every additional hour 

spent outdoors during cooler months, accelerometer-measured 

MVPA increased by 27 min/week among 10-12-year-old children 

(20). Higher baseline reports of time outdoors on weekends were 

associated with higher MVPA 3 years later, and with a 27-41% 

lower prevalence of overweight children. Compared with previous 

generations, children today spend less time playing outdoors within 

the neighbourhood (21), missing opportunities for physical activity 

in this domain. Encouraging children to spend more time outdoors 

during discretionary periods (e.g., after school and on weekends) 

may be a low-cost and easily implemented strategy to promote 

physical activity. 

 

Another daily routine that increases total amount of physical 

activity in children is active commuting to school (22). Santaliestra-
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Pasías et al. (23) estimated the prevalence of active and passive 

commuting to school in children from different European countries. 

They found that commuting was predominantly passive in the 

majority of the countries. The highest percentages of active 

commuting were observed in older (6 to 10 years old) German 

males and females (51% and 55%, respectively), and both young (2 

to 6 years old) and older (6 to 10 years old) Spanish males (54% 

and 68%, respectively) and females (54% and 64%, respectively). 

The predictors of active commuting involve characteristics of 

children and families, schools, communities and the environment. 

Regarding individual and family characteristics, children from low 

socioeconomic status (SES) backgrounds are more likely to actively 

commute than children from high SES backgrounds. Children are 

more likely to walk or cycle to school when the active commuting 

does not interfere with parents’ work schedules or children’s after-

school commitments. Regarding school characteristics, distance to 

school is the most readily identified barrier to children’s active 

commuting. For environmental characteristics, urban 

neighbourhoods, road and sidewalk infrastructure, and social norms 

increase the likelihood of active commuting (22). Active 

commuting to school reduces cardiovascular stress reactivity in 

children exposed to a cognitive stressor similar to what children 

might experience during school (24). Active commuting to school 

has also been positively associated with cognitive abilities, although 

this effect was only observed in girls (25). The duration of active 

commuting is key to observe effects on health outcomes (25,26). 

The evidence suggests that more than 15 minutes of active 

commuting are required to observe health benefits (24,25). 

 

Sports are considered one specific form of physical activity that 

contributes to children’s and adolescent’s overall engagement in 

MVPA. When compared with other forms of physical activities, 

sports participation typically involves physical exertion and skill 

development, and the competition of individuals or teams against 

one another. School-based sports are more accessible in terms of 

location and costs, are generally less competitive, and reach those 

children who are not participating in community sports (27). 

Extracurricular school-based sports and club sports are 

characterized for being structured, regular, highly intense, as well as 

facilitators of social bonding. Sports participation is very popular 

among children. However, there is evidence that participation in 
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sports peaks at around 11-13 years before declining through 

adolescence (23,28). Noteworthy, there is research indicating that 

children who are active through sport are more likely to be 

physically active in adulthood than those who do not participate in 

childhood sport (23,28). The psychosocial health benefits of sports 

participation are evident among children and adolescents, including 

higher self-esteem, positive social interactions, and a reduction in 

depressive symptoms (29). Team sports have been more frequently 

associated with mental health benefits (30,31), although individual 

sports have been found more effective for improving the symptoms 

of children with Attention Deficit and Hyperactivity Disorder 

(ADHD), since they have difficulties in playing team sports (32). 

 

c) The relevance of an active lifestyle 
 

Physical activity is a key determinant of energy expenditure and is 

therefore fundamental to achieving energy balance and weight 

control (33). Throughout childhood and adolescence, physical 

activity is necessary for the development of basic motor skills, as 

well as musculoskeletal development (33). Appropriate levels of 

physical activity in children guarantee an optimal physiological 

development across maturation stages, contribute to the prevention 

of childhood diseases and decrease the risk of developing chronic 

diseases later in life (32). 

 

Preschoolers present behaviours like running, jumping or playing in 

continuous movement in a natural and spontaneous manner. Our 

ancestors obtained dietary energy and nutrients from the 

environment through movement, which gave advantage to active 

phenotypes (34). At the same time, they had also to adapt to 

extreme conditions, such as long periods of starvation (35). The 

starvation and abundance cycles would have selected a genotype 

that allowed a quick fat gain when the food was abundant. These 

reserves of energy provided survival and reproductive advantages in 

that context (36). Nowadays, western societies do not need to be 

active to obtain food, which is available all the time. The population 

is becoming less active and more sedentary, leading to fat 

accumulation that increases the prevalence of obesity and 

cardiovascular diseases in adults and children. 
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d) Activity patterns across life 
 

There is a trend of decreasing physical activity and increasing 

sedentary behaviours across lifetime. The changes in these lifestyle 

patterns have been studied using longitudinal approaches, in which 

the subjects are followed for a period of time (37–39). Ortega et al. 

(40) described physical activity decreases from childhood to 

adolescence and from adolescence to young adulthood, yet with 

slightly lower rate; whereas sedentary time increases only from 

childhood to adolescence (Figure 1). However, the magnitude of the 

change observed in sedentary time was 3-6 times larger than the 

change observed in physical activity. They suggested that part of 

the increase in sedentary time was due to more demanding 

academic requirements in adolescence compared with childhood, 

also to physiological changes leading to less spontaneous and 

intermittent physical activity. 

 

 

 
Figure 1. Changes in weekly, weekday and weekend moderate-to-vigorous 

physical activity and sedentary time. Slopes result from mixed effect models 

adjusted for age, country, registered time and number of valid days (N = 821 and 

989, for boys and girls respectively) (From Ortega et al., 2013)(40) 
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It is important to encourage physical activity since early childhood 

to entrench healthy behaviours throughout life, but also plays a role 

in developmental milestones, such as cognitive functioning, 

socialization, and emotional well being (41). The National 

Association for Sport and Physical Education (NASPE) has 

developed physical activity guidelines for children from birth to the 

age of 5 years. These guidelines advocate for increasing 

opportunities for preschoolers (aged 3-5 years) to engage a 

minimum of 120 minutes of daily physical activity (42). The World 

Health Organization (WHO) recommends that children and young 

people accumulate at least 60 minutes of MVPA every day. Adults 

should undertake at least 150 minutes of moderate-intensity aerobic 

physical activity each week. A higher level of physical activity is 

likely to provide additional health benefits for both adults and 

children (33). The American Academy of Pediatrics recommends 

parents to limit total media time exposure to less than 2 hours per 

day (43). 

 

Despite the known benefits of physical activity, there is a 

worldwide trend towards less total daily physical activity. The 

increasing rates of physical inactivity among children and 

adolescents are alarming. In Spain, few children (37.5% of 9-year-

old normal-weight and 34.0% of 9-year-old overweight/obese) met 

the current health-related recommendations of 60 minutes of MVPA 

daily (44). The percentage of children that reach the recommended 

60 minutes spent in MVPA per day descends to only 4.6% of girls 

and 16.8% of boys at ages 10 to 12 years in Europe (45). Regarding 

sedentary behaviours, approximately a third of the children between 

2 and 10 years old failed to meet the current screen time 

recommendations of less than 2 hours per day in a study involving 

different European countries (23). The percentage was even higher 

on weekend days and in the older group of children (6-10 years 

old). 

 

In the past, being sufficiently physically active was considered to be 

the opposite of having a sedentary lifestyle. Nowadays, physical 

activity and sedentary time are studied as independent behaviours, 

since a meta-analysis showed that the relationship between them is 

not significant (46) and they have independent effects on health 

(47,48).   
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Maintaining recommended levels of physical activity and sedentary 

behaviours is becoming more and more difficult. The active 

transport is being replaced by passive transport, which can be 

explained by greater distance between homes, workplaces, etc. and 

low road safety. Children and adolescents spend more time in 

school due to the increasing academic demands. Therefore, the 

environment and also the use of technology that makes our life 

easier contribute to the reduction of physical activity and the 

increment of sedentary behaviours in our societies.  

 

e) Measurement of physical activity in children  
 

The accurate measurement of physical activity at the population 

level is important for monitoring trends in physical activity over 

time, assessing compliance with physical activity guidelines, 

understanding the dose-response relationship between physical 

activity and health, and determining the effectiveness of 

intervention programmes designed to improve physical activity 

(49).  
 

Physical activity is notoriously difficult to measure. Objective and 

subjective methods are used for measuring physical activity in 

children in large-scale research. 

 

Objective measures 

 

These measures include doubly labelled water (criterion method for 

assessing energy expenditure), indirect calorimetry (measuring 

energy expenditure from oxygen consumption and CO2 production), 

heart rate monitoring, and motion sensors (accelerometers and 

pedometers) (49).  

 

The most common objective measures are motion sensors. Motion 

sensors detect body movements and provide an estimate of physical 

activity. Pedometers detect the number of steps taken over a period 

of time. Pedometers provide valid assessments of total volume of 

physical activity, are easy to use and inexpensive, and therefore 

ideally suited to large-scale studies (50,51). Pedometers are unable 

to measure intensity of activity or to accurately record activities 
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such as cycling or skateboarding, both common activities in young 

children. These may affect the validity of the information gathered 

with young children given the episodic and variable nature of their 

play. Accelerometers measure accelerations produced by body 

movement, providing more accurate and detailed physical activity 

as well as sedentary time data. Accelerometers are valid and reliable 

instruments for walking and running but less reliable for some 

sports, since the same count can require different amount of energy 

expenditure depending on the sport. Some of the limitations of 

accelerometers relate to the technology itself or the willingness of 

participants to wear the device, but many relate to how researchers 

use the technology and interpret the data that is obtained (52).  

 

Objective assessments provide an accurate estimate of physical 

activity volume and intensity, but they do not provide contextual 

information of the different types of activity, for instance if the 

activity is structured or unstructured (53,54). 

 

Subjective measures 

 

The limitations of the objective measures of physical activity 

regarding the context of the activity can be addressed by using 

survey instruments. These methods are considered subjective 

because they rely on responses from someone. Although they are 

valid tools for providing information about the type and the context 

of the activity, subjective measures do not provide accurate 

intensity information. The sporadic nature of children’s physical 

activity makes these activities difficult to recall, quantify and 

categorise. These measures can be self-completed, interviewer 

administered, diaries, and proxy reports of physical activity among 

children by parents, legal guardians or teachers (49). 

 

Proxy measures are used for children aged 10 years or less, where 

self-report may be inaccurate and unreliable. Proxy measures 

include parental reports of their children’s overall physical activity 

or occasionally teacher’s report of children’s activity during school 

time. These measures are more accurate for capturing structured 

than unstructured activities of children. Despite that, proxy 

measures are considered suitable for studies involving large 

populations of young children, since they are inexpensive and easy 
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to administer (49,55).  

  

 
Other measures 

 
Aerobic fitness, one element of the physical fitness concept, is often 

used as an indicator of regular physical activity to study its relation 

with cognitive development. Aerobic fitness refers to the maximal 

capacity of the cardiorespiratory system to use oxygen and can be 

measured by VO2 max testing, the maximum oxygen consumption 

elicited during incremental exercise, typically on a motorized 

treadmill (56,57). Aerobic fitness measures are not suitable 

instruments for large-scale studies. 



1.2 Second section: Cognitive functions in 
childhood 
 

a) Cognitive development  
 

High physical activity levels in children are associated with 

enhanced higher-order cognitive processes known as executive 

functions (EF) (58,59). Early exploratory motor activity places 

infants in novel situations that train a flexible way of thinking, 

which becomes the basis of EF. This term is used for the collection 

of higher-order cognitive processes controlling goal-directed 

actions. Core EF are inhibitory control (including selective attention 

and the inhibition of inappropriate or interfering responses), 

working memory and mental flexibility (60,61) (Box 1). EF play an 

important role in many aspects of learning during childhood and 

have a strong impact on academic achievement at school (62–64). 

EF have been conceptualized as multiple-process related systems 

that are inter-related, inter-dependent and function together as an 

integrated supervisory or control system (65). Specific executive 

processes are thought to be associated with distinct frontal areas, 

and they show different developmental trajectories (Figure 2). 

 

 
Figure 2. Projected developmental trajectories of the executive domains (from 

Anderson, 2002)(66) 
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Box 1. Definitions  

 

Attentional control: the capacity to selectively attend to specific 

stimuli and inhibit prepotent responses, and the ability to focus 

attention for a prolonged period of time. The regulation and 

monitoring of actions so that plans are executed in the correct 

order, errors are identified and goals are achieved (66). 

 

Goal setting: the ability to develop new initiatives and concepts, as 

well as the capacity to plan actions in advance and approach tasks 

in an efficient and strategic manner (66). 

 

Information processing: fluency, efficiency and speed of output. 

The status of the information processing domain reflects the 

integrity of neural connections and the functional integration of 

frontal systems, and can be evaluated by the speed, quantity and 

quality of output (66). 

  

Inhibitory control: one’s ability to deliberately inhibit dominant, 

automatic, or prepotent responses when necessary. A prototypical 

inhibition task is the Stroop task, in which one needs to inhibit or 

override the tendency to produce a more dominant or automatic 

response (i.e., name the colour word) (67). 

 

Mental flexibility: the ability to shift between response sets, learn 

from mistakes, devise alternative strategies, divide attention, and 

process multiple sources of information concurrently (66). 

 

Working memory: cognitive system that allows us to maintain and 

manipulate information in mind for short periods of time to guide 

behaviour (68). 
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EF develop significantly through childhood and adolescence and 

occur in growth spurts (61,66). The protracted development of 

executive domains (Box 1) corresponds with neurophysiological 

changes, particularly synaptogenesis and myelination, in the 

prefrontal cortex. Five periods of rapid growth in the frontal lobes 

have been reported (69). The first growth spurt in frontal lobe is 

from birth to 5 years of age and is related to the development of 

attentional control. The other three executive domains (information 

processing, cognitive flexibility and goal setting) exhibit rapid 

development between 7 and 9 years of age, which corresponds with 

the second growth spurt in the frontal lobe. The third growth spurt 

occurs between 11 and 13 years, the period when all four executive 

domains approach maturity and “executive control” emerges 

(66,69). In addition, myelination of prefrontal connections occurs 

gradually throughout early childhood, middle childhood, and 

adolescence (70). Progressive myelination results in more rapid and 

efficient transmission of nerves impulses, improved information 

processing, as well as enhanced integration of cognitive processes 

and executive control. 

 

ADHD is characterized by age-inappropriate levels of inattention, 

impulsivity and/or hyperactivity to a degree that impacts on day-to-

day functioning across different settings (e.g. school and home). EF 

are particularly impaired in children with ADHD (71). Longitudinal 

neuroimaging data indicates that children with ADHD follow a 

trajectory of cortical development that is delayed by 2–3 years 

relative to their typically-developing peers (72). ADHD is estimated 

to affect 5.3% of children globally (73), becoming a public health 

concern due to the academic underachievement of these children, 

and the long-term consequences for the general population (74). 

 

Certain experiences, in this case, physical activity levels of the 

child, may also influence the development of these cognitive 

functions. This thesis is particularly focused on two EF: “working 

memory”, the ability to keep information online for a short period 

of time for cognitive processing; and “attention”, a cognitive 

function involving different processes such as selectively attending 

to specific stimuli, focusing for prolonged periods of time, or 

regulating and monitoring of actions. 
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Working memory undergoes constant change through childhood 

and adolescence (62), which in turn has an impact on the 

performance of different complex tasks (75). The developmental 

changes in working memory are dependent of the improvement in 

the updating techniques (76–78), in interference control (79), and in 

focus switching (78). The factors related to storage and speed 

develop independently (80,81). 

 

The specific measure of attention included in the studies of this 

thesis is intra-individual variability (IIV). This outcome is based on 

response consistency throughout cognitive tests. Normally, IIV on 

cognitive control tasks decreases throughout childhood and 

adolescence (82,83). Children with ADHD symptoms show 

alterations in this outcome (84,85), which may be explained by the 

inability to appropriately modulate very-low frequency fluctuations 

in neuronal activity (86). Reaction time variability has also 

demonstrated to be an important measure to study the relation 

between physical activity and cognitive development (87). 

 

b) Measurement of cognitive functions in children  
 

The measurement of cognitive functions is even more difficult than 

the measurement of physical activity. Cognitive tasks, 

questionnaires or scales are used to obtain scores that allow the 

inference of the “real” cognitive functioning. The performance on a 

cognitive task can be influenced by different internal and/or 

external factors, such as physical discomfort, weather or noise. 

However, the neuropsychological instruments provide reliable and 

valid measurement of cognitive functions. 

 

In epidemiological studies, the cognitive functions of children are 

normally assessed using traditional neuropsychological batteries, 

broad or narrow measures and can be directly or indirectly tested. It 

is important to use validated tools that allow the comparability 

between studies (88). 

 

The use of traditional neuropsychological batteries is the most 

comprehensive assessment of cognitive development in children. 

This method is also the most time consuming and requires a 

psychologist who assesses different cognitive domains directly to 
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the child. These batteries have been validated and standardized to 

specific ages. Two widely used neuropsychological batteries in 

epidemiological research are Bayley Scales for Infant Development 

(BSID) and McCarthy Scales of Children’s Abilities (MSCA). 

BSID assesses mental and psychomotor domains in infants between 

1 and 42 months (89). MSCA assesses cognitive and motor 

development in children between 2 and 8 years of age (90). 

 

The measures that are usually included in studies about the 

cognitive effects of physical activity evaluate directly the cognitive 

function in the participants. Generally, cognitive tasks that measure 

specific cognitive processes show associations with physical 

activity, as opposed to broad measures such as general cognition 

(91). Tasks that involve EF processes, such as working memory or 

inhibitory control, are the most sensitive to physical activity effects. 

These process-specific tests that measure specific components of 

mental functioning can be based on paper-and-pencil or 

computerized format. The computerized format is the most common 

in large studies, since it allows collecting a big amount of data in 

relatively short time. This method also provides increased 

objectivity that allows the use of highly precise outcomes. These 

measures are low cost, easily and rapidly administered, and enables 

testing of large numbers of people simultaneously (92). Some 

methodological considerations should be taken into account when 

cognitive functions are assessed directly. It’s important to find a 

balance between developmental appropriateness of the task and 

comparability. In other words, the task should be adapted to the age 

of the participant to detect variability, however this can interfere 

with the comparison between different age groups. If the primary 

purpose is within-subjects comparisons looking at trajectories over 

time, then the good adaptation of the task to the participant’s level 

should by the priority. However, if the aim of the study is to 

compare different age groups, then a task with a similar difficulty 

level for all the age groups would be preferable. Another limitation 

that rises when a cognitive task is administered repeatedly to the 

same individuals is the practice effect, the improvements on a task 

simply due to repeated administration (88). 

 

It is relatively common in epidemiological studies the use of 

indirect measures of cognitive functions, such as rating scales where 

parents or teachers report the level of cognitive development of 
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their children. An example of this type of measurements is the 

Behaviour Rating Inventory of Executive Function (BRIEF), which 

includes the areas of inhibition, shifting, emotional control, 

initiative, working memory, organization and monitoring (93). 

However, indirect cognitive measurement is not popular among 

studies about physical activity. In contrast, academic achievement 

has been extensively used in this literature as an outcome related to 

cognitive functioning. This literature is explained with detail in the 

fourth section.  

 

1.3 Third section: Brain maturation 

a) The human brain 
 

The human brain is the most complex organ of the human body. 

The brain is the command centre for the human nervous system, 

receiving input from the sensory organs and sending output to the 

muscles. In addition, it controls the secretions of our glands, our 

breathing and internal temperature. Our brain creates thoughts, 

feelings, language, and gives us awareness of ourselves.  

 

The human brain contains about 86 billion neurons (94) connected 

by trillions of synapses. At an average rate of 6 kcal/day per billion 

neurons (95), the human brain costs about 516 kcal/day. The ability 

of using fire to cook foods allowed our ancestors to obtain more 

calories and nutrients in less time (96), satisfying the daily energy 

requirements of the brain.  

 

Brain cells can be divided into two groups: neurons and glial cells. 

Neurons communicate between them through electrical and 

chemical signalling. A typical neuron consists of a cell body, 

dendrites that propagate the stimulation received from other neural 

cells to the cell body, and an axon, a long projection of a neuron 

that conducts electrical impulses away from the cell body. Glial 

cells support and protect the neurons. In the brain, there are three 

types of glial cells: astrocytes, oligodendrocytes and microglia. 

Astrocytes maintain an appropriate chemical environment for 

neuronal signalling and modulate neuron behaviour (97). 

Oligodendrocytes wrap the axons of neurons in the brain to produce 

the insulation known as myelin. Myelinated axons transmit nerve 
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signals much faster than unmyelinated axons, so oligodendrocytes 

accelerate the communication speed of the brain. Microglia act 

much like macrophages by removing cellular debris from sites of 

injury or normal cell turnover (98).  

 

The tissue of the brain can be divided into two major classes: gray 

matter and white matter. Gray matter is made mostly of 

unmyelinated neurons. The gray matter regions are the areas of 

nerve connections and processing. White matter is made mostly of 

myelinated neurons that connect the regions of gray matter to each 

other and to the rest of the body. 

 

The largest part of the human brain is the cerebrum, which is 

divided into two hemispheres. Underneath lies the brainstem, and 

behind that sits the cerebellum. The outmost layer of the cerebrum 

is the cerebral cortex, which consists of four lobes: the frontal lobe, 

the parietal lobe, the temporal lobe and the occipital lobe. The way 

the different brain areas function was summarized by the late 

neurologist and writer Oliver Sacks in the following quoted 

paragraph:  
 

“The brain is more than an assemblage of autonomous modules, 

each crucial for a specific mental function. Every one of these 

functionally specialized areas must interact with dozens or 

hundreds of others, their total integration creating something like a 

vastly complicated orchestra with thousands of instruments, an 

orchestra that conducts itself, with an ever-changing score and 

repertoire.”  

― Oliver Sacks 
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b) The evolution of the human brain 
 

During the evolution of the human brain, the association areas 

became especially larger, as compared with primary areas. The 

enlargement of dorsolateral prefrontal cortex allowed the enhanced 

capacity to inhibit behavioural responses, delay gratification and 

demonstrate a higher degree of mental flexibility (99). The 

enlargement of posterior parietal cortex provided additional central 

visual field representations and greater sensitivity to extract three-

dimensional form related to motion (100). 

 

Not only the size, but also the folding pattern characterizes the 

human brain. The human brain is highly folded, which maximize 

processing area while minimizing distance. The human prefrontal 

cortex exhibits more gyrification than expected for an anthropoid 

primate of the same brain size (101). Furthermore, primary cortex 

and premotor cortex in humans occupy a smaller proportion of the 

frontal lobe compared with other primates, suggesting that the 

remainder is comprised of a relatively large prefrontal cortex (102). 

Human primary visual cortex is only about one and half times larger 

in humans than in Great Apes, while the rest of neocortex is about 

three times larger (103). The relatively small size of primary visual 

cortex in humans suggests that adjacent areas of the posterior 

parietal cortex have disproportionately increased in volume (104). 

Another region that shows extraordinary enlargement in humans is 

the temporal lobe. 

 

Humans have more neurons than other hominoids in several dorsal 

thalamic nuclei (105). The human cortico-cerebellar circuit may be 

distinguished from other primates in having a greater development 

of the connections with frontal association areas that play a role in 

cognition and language (106). It is possible that humans have 

evolved a greater extent of cerebral lateralization in the context of 

specialization for computationally demanding functions, such as 

language, to avoid bilateral duplication of circuitry and 

interhemispheric conflict (107). 
 

Increased neocortex size in humans is not the result of a simple 

multiplication of uniform processing units. Shariff (108) reported 

that human cerebral cortex volume is 2.75 times larger than in 

chimpanzees, but has only 1.25 times more neurons. This suggests 
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that much of the increased mass of the neocortex derives from 

alterations within the space between neurons.  

 

c) The maturation of the human brain  
 

The maturation of the cortex follows the evolutionary sequence in 

which these regions appeared. In other words, older cortical regions 

mature earlier than newer cortical regions. The primary 

sensorimotor cortices along with the frontal and occipital poles 

mature first, while the remainder of the cortex develop in a parietal-

to-frontal (back-to-front) direction. The superior temporal cortex, 

which contains association areas that integrate information from 

several sensory modalities, mature last (109).  

 

The total gray matter volume increases at earlier ages, followed by 

sustained loss starting around puberty (Figure 3). However, the 

process of gray matter loss begins first in dorsal parietal cortices, 

particularly the primary sensorimotor areas near the 

interhemispheric margin, and then spreads rostrally over the frontal 

cortex and caudally and laterally over the parietal, occipital, and 

finally the temporal cortex. Frontal and occipital poles lose gray 

matter early, and in the frontal lobe the gray matter maturation 

ultimately involves the dorsolateral prefrontal cortex, which loses 

gray matter only at the end of adolescence. On MRI, the gray matter 

density is an indirect measure of a complex architecture of glia, 

vasculature, and neurons with dendritic and synaptic processes 

(109).  

 

The exact process underlying the gray matter loss is unknown. 

Cerebral white matter increases in the first four decades because of 

axonal myelination (110) and may partially explain the observed 

gray matter loss (111). It may be driven by the process of synaptic 

pruning (112) together with trophic glial and vascular changes 

and/or cell shrinkage (113). Thus, region-specific differences in 

cortical maturation may result from the underlying heterochronous 

synaptic pruning and myelination in the cortex (114,115). The age-

related trajectories of cortical maturation are influenced by 

individual differences. Individuals with higher intelligence show 

increased rate of change in their trajectories and earlier brain 

maturation (116), while individuals with ADHD show delayed 
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trajectories of cortical maturation (72), as mentioned in the previous 

section. Alterations either in degree or timing of basic maturational 

pattern may at least partially underlie the neurodevelopmental 

disorders (117).  
 

 

 

 
 
Figure 3. Right lateral and top views of the dynamic sequence of gray matter 

maturation over the cortical surface. The side bar shows a colour representation in 

units of gray matter volume (from Gogtay et al., 2004)(109) 
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1.4 Fourth section: Physical activity and 
neurodevelopment  
 

a) Physical activity and cognitive functions in children 
 

Extensive literature supports the positive association between 

physical activity and cognitive functions in children, including 

cross-sectional, experimental and longitudinal designs, as well as 

reviews and meta-analyses. 

 

The cross-sectional studies have demonstrated the positive 

association existing between motion, physical activity or physical 

fitness and cognitive functioning in children at different ages. In 

preschoolers, higher levels of movement predicted higher inhibition 

performance (118). Fitness has been associated with academic 

achievement in children and adolescents (119–121). Wu et al. (87) 

found a positive association between fitness and cognitive 

performance during a task that varies cognitive control demands in 

10-year-old children. Raine et al. (122) demonstrated that higher 

fitness levels were advantageous for learning and memory at 9-10 

years of age, and that these fitness-associated performance benefits 

were largest in most challenging conditions. Van Dijk et al. (123) 

pointed that objectively measured physical activity was positively 

associated with executive functioning in adolescents, while 

executive functioning in turn mediated the associations between 

physical activity and both academic achievement and mathematics 

performance. This study also indicated that the association 

between physical activity and academic achievement is complex 

and might be affected by academic year, physical activity volume 

and intensity, and school grade. In addition, high levels of 

objectively measured MVPA have been associated with faster 

response to a visual target in 12-year-old children (124). In 

adolescents, longer time spent in MVPA was positively associated 

with attention capacity (125). 

 

The experimental studies have provided evidence about the 

causality of this association. Kamijo et al. (126) studied the effects 

of a 9-month physical activity intervention on cardiorespiratory 

fitness and working memory in children between 7 and 9 years old, 

observing positive effects of the intervention on both outcomes. The 



 

 21 

benefits were stronger for the task requiring greater working 

memory demands. Physical activity interventions have been even 

suggested as a treatment for children with ADHD (127). These 

exercise-based interventions impacts structural brain growth and 

functional neurocognitive development, which in turn could have 

lasting effects on the trajectory of ADHD (127). Few studies have 

compared distinct age groups in order to test for moderation by age, 

which showed different results (128,129). Caterino and Polak found 

an association between a physical activity intervention and selective 

attention only in the 4
th

 grade age group, while no associations were 

observed in 2
nd

 and 3
rd

 graders (129). Ellemberg and St. Louis-

Deschênes did not detect interactions by age in the association 

between an exercise intervention and simple and choice response 

time tasks (128). The differences in the type of physical activity and 

the cognitive processes measured could explain the discrepancies 

observed between both studies. 

 

Longitudinal studies suggest that physical fitness could have long-

term beneficial effects on cognitive functions. London et al. (130) 

tracked students longitudinally to examine the ways physical fitness 

and changes in fitness align with school performance, using 

matched administrative data and individual growth modelling. They 

found disparities in both math and English language arts test scores, 

comparing those who were persistently fit to those who were 

persistently unfit. Chaddock et al. performed a longitudinal study in 

which the authors demonstrated that childhood aerobic fitness 

predicted cognitive performance approximately one year later (131).  

 

The reviews and meta-analyses have concluded that there is enough 

evidence supporting the positive association between physical 

activity and perceptual, cognitive, and motor performance 

(132,133), and that this relationship may be stronger for school age 

children (134). Moreover, Chaddock et al. (56) also concluded that 

childhood aerobic fitness is associated with differences in regional 

brain structure and function. Several reviews have concluded that 

both chronic and acute aerobic exercise improves executive 

abilities, most notably inhibitory control (58,59,91,135). Khan and 

Hillman performed another meta-analysis (136), and they concluded 

that the current evidence points to the benefits of physical activity 

and aerobic fitness for cognitive and brain health in childhood. A 

very recent systematic review (137) provided preliminary evidence 
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that physical activity may have beneficial effects on cognitive 

development during early childhood. 

 

In general, complex exercise shows stronger effects on EF than 

simpler exercise. Physical activities that are challenging and goal-

oriented and that involve complex movements and strategic 

behaviour may be more cognitively engaging than repetitive 

activities, such as jogging, and thus may have a stronger association 

with cognition (53). Participation in sports is likely to incorporate 

some of these components and may therefore be more beneficial to 

cognitive function than less-structured physical activities. However, 

certain forms of exercise may be more beneficial to EF at one age 

or another. Younger children may benefit from less structured forms 

of exercise whereas older children may benefit from more 

sophisticated activities containing complex rule structures. Thus, 

the children’s developmental level needs to be carefully considered 

to optimize their cognitive engagement (59).  

 

Similarly, the link between physical activity and EF may be 

moderated by both age and EF component (59). As mentioned in 

the second section, EF components are distinct, emerge at different 

ages, and develop at different rates (61). Thus, whether a specific 

EF component is sensitive to physical activity and whether physical 

activity will be cognitively engaging may depend on the children’s 

developmental level. 

 

b) Underlying mechanisms  
 

Physical activity affects cognition through different mechanisms at 

multiple levels, from cells to social interaction. 

 

The cognitive engagement inherent in physical activity may 

influence the cognitive functioning in other situations (91,134). 

Participation in group activities and sports require complex 

cognitive processes similar to EF tasks, such as cooperation with 

teammates, anticipation of other’s behaviours, planning of 

strategies, and flexibility to adapt to changing situations. EF tasks 

require planning, monitoring and mental flexibility to modify the 

cognitive plan in response to changes in the context (60,61). Motor 

actions during sports are determined by a myriad of factors that 



 

 23 

converge at a particular moment; therefore, they are always 

different. Executive processes such as planning, monitoring and 

flexibility are necessary to adapt motor actions to particular 

situations. Social interaction that takes place during participation in 

group activities and sports provides benefits on cognition itself. 

Therefore, cognitive skills acquired during participation in group 

activities or sports may transfer to EF tasks (59).  

 

The neurobiological substrates underlying the protective effects of 

physical activity on cognitive performance have been studied 

mainly in animals. Animal research can directly examine the 

cellular and molecular cascades that are triggered by physical 

activity in a controlled environment. Both chronic and acute 

physical activity may facilitate EF but through different pathways. 

Chronic physical activity induces changes in brain regions critical 

to learning and memory mediated by upregulation of several growth 

factors. Physical activity induces immediate neurochemical changes 

that may prime the central nervous system for either concurrent or 

subsequent skill acquisition (59).  

 

The specific biological processes that have been related to physical 

activity are: neurogenesis, synaptic plasticity, growth factors, 

cerebrovascular remodelling, neuroendocrine function, and 

inflammation. In humans, brain volume and function have been 

found influenced by the levels of physical activity or fitness (138).  

 

Neurogenesis 

 

Neurogenesis, the birth of new neurons, has been observed in both 

animals and humans throughout the lifespan. Neurogenesis occurs 

exclusively in areas of the brain where specialized vascular 

endothelium provides the necessary signalling molecules and 

nutrients. The subgranular zone in the dentate gyrus of the 

hippocampus is one of the few areas with this specialized 

environment (139). The hippocampus is a critical structure for 

learning and memory processes and neurogenesis in the dentate 

gyrus has been shown to be upregulated by chronic physical activity 

in rodents (140). It was observed that freewheel running in 

conjunction with group housing induces neurogenesis in the 

hippocampus to a greater extent than freewheel running individually 
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(141). There is also growing evidence that newborn neurons, with 

the facilitation of various neurotrophins, become functionally 

integrated into existing neural circuitry as they mature (142,143). 

This neuronal integration and remodelling may underlie MVPA-

induced enhancements in cognitive abilities, as has been observed 

in animal studies (35,144). The extent to which this occurs in 

humans, however, remains unclear.  

 

 

Synaptic plasticity 

 

Physical activity facilitates hippocampal synaptic plasticity in the 

form of long-term potentiation, which is the creation of new, or 

strengthening of existing, synaptic connections during learning. 

Physical activity also increases dendritic complexity and density in 

the hippocampus (145). In humans, using Transcranial Magnetic 

Stimulation (TMS) method (Box 2), one study showed that more 

active adults had greater synaptic plasticity in the left abductor 

pollicis brevis (APB) muscle motor circuit (146).  

 

 

Growth factors 

 

Endogenous growth factors play multiple roles that facilitate the 

survival and maturation of new neurons. These roles are critical for 

neurogenesis, synaptic plasticity, and angiogenesis, the growth of 

new blood vessels. Brain derived neurotrophic factor (BDNF), 

vascular endothelial growth factor (VEGF), and insulin-like growth 

factor (IGF-1) are particularly involved with the positive effects of 

exercise on the brain and cognition. BDNF is a regulator of the 

survival, growth, and differentiation of neurons during 

development. BDNF also translates activity into synaptic and 

cognitive plasticity in the adult animal. BDNF is able to modulate 

the efficacy of neurotransmitter release, stimulate the synthesis of 

vesicle-associated proteins, and regulate transcriptional factors (35).  
 
Physical activity seems to activate the neural circuitry involved in 

learning and memory, as exemplified by its action on BDNF. It has 

been shown that quenching the action of endogenous BDNF 

activated during physical activity can fully block the enhancement 

of both learning and memory on the Morris water maze task (147). 
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In humans, BDNF levels mediated the effect of a 1-year walking 

intervention on executive function in older adults, but only for 

individuals over the age of 71 (148). 

 

 

Cerebrovascular remodelling 
 

Healthy brain and cognitive function is critically dependent on the 

compliance of brain vasculature or the ability to replenish 

oxygenated hemoglobin following neuronal activity. High 

metabolic demands from neuronal activity requires tight coupling 

between neurons and cerebrovasculature. Physical activity-induced 

cerebrovascular remodelling describes any structural changes (e.g. 

angiogenesis, or branching of new blood vessels) or functional 

adaptations (e.g. altered endothelial function) of the arterial 

vasculature in the brain resulting directly from increasing physical 

activity (149). 

 

Regional cerebral blood flow (CBF) increases during physical 

activity, which exposes endothelial cells to shear stress (149). 

Repeated episodes of elevated shear stress stimulate cell 

proliferation and vascular remodelling (149). This leads to both 

increasing the diameter of existing arteries (arteriogenesis) as well 

as the sprouting of new capillaries from existing vessels 

(angiogenesis) (149). Angiogenesis coexist with neurogenesis in the 

hippocampus (150). The role of angiogenesis is to provide nutrients 

and energy to the new neurons (151) and to integrate them into 

existing circuits (152). Vascular remodelling is dependent on levels 

of IGF-1 and VEGF, upregulated by physical activity (132,153). 

 

The context of the physical activity can modulate the vascular 

remodelling in the brain. A study reported intriguing evidence that 

whereas individual freewheel running promotes angiogenesis in the 

hippocampus in comparison to a sedentary condition, an enriched 

environment promotes angiogenesis in both the hippocampus and 

prefrontal cortex in adult rats (154).  

 

Another favourable vascular adaptation to regular physical activity 

is the increased bioavailability of endogenous nitric oxide (NO), 

which relaxes smooth muscle cells and increases blood flow (149). 
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Neuroendocrine function 

 

Physical activity is considered a stressor, as it activates the 

sympathetic nervous system and the hypothalamic-pituitary-adrenal 

(HPA) axis (155). The HPA axis is the neuroendocrine pathway that 

regulates the body’s response to stress. Corticotropin-releasing 

factor (CRF) is released by the paraventricular nucleus of the 

hypothalamus (PVH) and stimulates the anterior pituitary cortex to 

release adrenocorticotropic hormone (ACTH). ACTH stimulates the 

adrenal cortex to release glucocorticoids (cortisol in humans). 

Glucocorticoid receptors in PVH, anterior pituitary, and the 

hippocampus regulate a negative feedback loop to inhibit HPA axis 

activation (156). Physical activity can become adverse when it 

activates the HPA axis for prolonged periods of time, either due to 

excessive physical activity or to a dysfunctional disinhibition of the 

axis (155).  

 

Generally, regular MVPA results in favourable adaptation, in which 

the HPA axis becomes less reactive to stress (155). In the 

hippocampus, there is an increment of glucocorticoid receptors, 

which strengths the inhibition of the axis (155). The increased 

levels of BDNF, neurogenesis and synaptic plasticity may facilitate 

these adaptive changes. 

 

 

Inflammation 

 

Physical activity suppresses immune response to inflammation 

(157). Chronic HPA axis activation can result in chronic low-grade 

inflammation that increases the risk of chronic disease (158). In 

contrast, regular MVPA related to adaptive HPA response has 

positive anti-inflammatory effects (157).  

 

 

Brain structure  
 

The most common method to study the neurobiological substrates 

underlying the beneficial effects of physical activity on cognitive 

performance in humans is non-invasive neuroimaging tools such as 

magnetic resonance imaging (MRI) (Box 2). The benefits of 



 

 27 

physical activity on brain structure have been mostly found in the 

elderly population.  

 

In low-active healthy older adults, a one-year weekly exercise 

intervention increased the size of the hippocampus (159). Higher 

levels of fitness and fitness improvements were associated with 

larger volumes of prefrontal and temporal grey matter as well as 

anterior white matter volumes (160). Cardiorespiratory fitness was 

related to white matter integrity in corpus callosum and motor 

planning regions of the prefrontal cortex (161). Increases in 

cardiorespiratory fitness following a one-year weekly exercise 

intervention have been found associated with positive changes in 

white matter integrity in prefrontal and temporal regions (162). In a 

longitudinal study, higher amounts of walking was associated with 

less cognitive impairment and greater frontal, parietal, and temporal 

lobe gray matter volume 9 years later, compared to less walking 

(163). 

 

In children, physical activity has been also associated with brain 

volumetric benefits. Higher cardiorespiratory fitness was associated 

with larger hippocampal volume in 10-year-old children (164). 

Moreover, this larger volume mediated the association between 

fitness and performance on a hippocampal dependent memory task. 

A similar finding was observed in a population of adolescent 

children (165). Basal ganglia have been also related to fitness. 

Higher fit children showed larger volumes in the dorsal striatum, 

which were associated with a greater ability to inhibit distraction 

during a compatible congruent and incongruent flanker task (166). 

In addition, bilateral putamen volumes of the dorsal striatum and 

globus pallidus volumes predicted flanker performance one year 

later in a longitudinal study (131). Higher fit children showed 

decreased grey matter thickness in superior frontal cortex, superior 

temporal areas, and lateral occipital cortex, coupled with better 

mathematics achievement, compared to lower fit children (167).  

 

 

Brain function  

 

Non-invasive techniques have been used to measure brain’s 

electrical activity in real time (EEG and ERPs) and regional 
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changes in blood oxygenation that follow neural activity (fMRI) in 

relation to physical activity (Box 2).  

 

The neuroelectric findings suggest that individuals with higher 

aerobic fitness have increased top-down attentional control (168) 

and reduced response conflict compared to lower-fit peers (169).  

 

Studies have also found differences in regional brain activity 

depending on physical activity in both children and adults (170–

173). Children who completed an exercise intervention performed 

at a similar level than adults in a flanker task, while showing 

decreased activation in right anterior prefrontal cortex (170). 

Aerobic training also improved the functional synchrony within 

Default Mode Network (DMN) (174). These network is detected by 

the synchronized activity of different areas of the brain (175,176) 

and underlie specific aspects of human cognition, behaviour, and 

neurodegenerative disease (177,178). 
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Box 2. Non-invasive techniques  

 

Cortical thickness: The closest distance from the gray/white 

boundary to the gray/cerebrospinal fluid boundary.  

 

DTI (Diffusion Tensor Imaging): Method that provides a 

description of the diffusion of water through tissue. It makes it 

possible to trace how fibers are connected in the brain, yielding a 

map of how the brain is wired. 

 

ERP (Event-related brain potential): A time-locked index of 

neuroelectrical activation that is associated with specific cognitive 

processes. 

 

fMRI (Functional MRI): Blood oxygenation-level dependent 

(BOLD) signal reflects the proportion of oxygen-rich and oxygen-

poor blood in a given brain region at a given moment. The BOLD 

signal maps the neural activity in the brain by measuring the 

change in blood flow.  

 

MRI (Magnetic Resonance Imaging): MRI works by placing the 

human body in a strong static magnetic field and applying a brief 

pulse of electromagnetic energy. This pulse produces an oscillating 

magnetic field that excites hydrogen atoms since they have 

magnetic properties. The time it takes for the nuclei to “relax” 

back to their original position is measured by detecting a radio 

frequency signal emitted by these atoms. The contrast between 

different tissues is defined by the rate in which excited atoms 

return to the equilibrium state.  

 

Structural MRI: Provides information about the shape, size, and 

integrity of gray and white matter structures. MRI signal varies 

across tissue types. Morphometric techniques measure the volume 

or shape of gray matter structures and white matter integrity. 

 

TMS (Transcranial Magnetic Stimulation): This non-invasive 

method is used to stimulate small regions of the brain. With this 

method synaptic plasticity is operationalized as the increase in 

reactivity of the hand muscle to activation of the motor cortex 

following repeated paired stimulations. 
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2. RATIONALE 
 

Cognitive development is a common and relevant outcome in 

epidemiological studies. The study of its determinants such as age, 

gender or ADHD symptoms in the general population is scarce. 

Moreover, individual trajectories of cognitive development have not 

been explored in this context as it is usually performed in other 

health outcomes. The study of cognitive trajectories, based on 

several measures in short periods of time, would improve 

neurodevelopment characterization as a process in order to detect 

alterations in the growth pattern caused by social, environmental 

and other factors. 

 

Physical activity has been associated with cognitive functions at a 

cross-sectional level in children. However, it is unknown whether 

this behaviour is related to cognitive growth trajectories in children. 

Physical activity in children is also associated with specific brain 

structural and functional characteristics. The cortical morphology 

related to sports participation in children has not been studied yet in 

the general population. In addition, longitudinal studies in the 

general population of children are needed to establish temporal 

causality between physical activity at early ages and later 

development of specific cognitive functions. Understanding the 

potential of physical activity, in general, and structured physical 

activity or sports, in particular, for maximizing cognitive and brain 

development of children has significant public health implications.  
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3. OBJECTIVES 
 

The two general objectives of this thesis were 1) to study the 

determinants and trajectories of cognitive development, and 2) to 

study the role of physical activity on cognitive and brain 

development in children. The specific aims were: 

 

1. To assess the longitudinal association between preschool 

ADHD symptoms and attention function at 11 years old in a 

population-based birth cohort. 

 

2. To characterize developmental trajectories of n-back, a 

working memory task, using four repeated measures during 

a 1-year follow-up in schoolchildren. 

 

3. To assess the association between physical activity habits 

and cognitive growth over one year, including working 

memory and inattentiveness, in schoolchildren. 

 

4. To study cortical morphology in relation to sports 

participation and type of sport in healthy children.  

 

5. To study the effect of early physical activity and sedentary 

behaviours on working memory at 7 and 14 years of age.  
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4. METHODS 

4.1 Participants 

a) INMA 
 

The INMA-INfancia y Medio Ambiente-(Environment and 

Childhood) Project is a network of population-based birth cohorts in 

Spain that aim to study the role of environmental pollutants in air, 

water and diet during pregnancy and early childhood in relation to 

child growth and development (179). In this thesis, 4 regions were 

included: Menorca (n=530), Sabadell (Catalonia) (n=657), Valencia 

(n=855), Gipuzkoa (Basque Country) (n=638). In Menorca, women 

attending antenatal care were recruited over a 12-month period 

starting in mid-1997, while in Valencia, Sabadell and Gipuzkoa the 

recruitment took place between 2003 and 2008. 

 

b) BREATHE 
 

The BREATHE-Brain development and air pollution ultrafine 

particles in school children- project aims to analyse the association 

between air pollution and cognitive development of schoolchildren 

(180). This project was conducted from January 2012 to March 

2013 in 36 schools of Barcelona, and 3 in Sant Cugat del Vallès, a 

smaller city near Barcelona (Catalonia, Spain) (n=2897). All the 

families of children attending these 39 schools in the 2
nd

, 3
rd

 and 4
th

 

primary grades (aged from 7 to 10 years) were invited to participate 

via mail and/or project presentations in the schools. Children were 

evaluated in the schools every 3 months over four repeated sessions 

using computerized neuropsychological tests. 

 

c) Generation R 
 

Generation R is a population-based birth cohort in Rotterdam (The 

Netherlands) that aims to investigate children’s development from 

fetal life onward (181). In total, 9778 mothers with a delivery date 

from April 2002 until January 2006 were enrolled in the study. 

Response at baseline was 61%, and general follow-up rates until the 

age of 6 years exceed 80%. From the age of 5 years, regular 
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detailed hands-on assessments were performed in a dedicated 

research center including advanced imaging facilities such as 

Magnetic Resonance Imaging. The neuroimaging wave included 

1070 children aged 6-to-10 years who were scanned between 

September 2009 and July 2013. 

 

4.2 Neuropsychological instruments 
 

a) ADHD-DSM-IV 
 

The ADHD Criteria of Diagnostic and Statistical Manual of Mental 

Disorders, fourth edition (ADHD-DSM-IV) (182) form list is 

comprised of 18 symptoms categorized in two separate symptom 

groups. These are inattention (nine symptoms) and 

hyperactivity/impulsivity (nine symptoms). Teachers rated each 

ADHD symptom on a 4-point scale (0 never or rarely, 1 sometimes, 

2 often, or 3 very often) for each child. We recorded the option 0 

and 1 as “symptom absent”, and ratings of 2 and 3 as “symptom 

present” (183). 

 

b) Continuous Performance Test II (CPT-II) 
 

CPT-II is a computerized measure of vigilance/attention control and 

inhibition response for children aged 6 years and older (184). 

Participants were shown successive letters on a computer screen 

and were required to press the space bar or click the mouse button 

when any letter except “X” appeared on the screen. Stimuli were 

presented in six blocks, with three sub-blocks each containing 20 

trials (i.e., letter presentations). Interstimulus intervals varied 

between 1, 2, and 4 s, while the display time was held constant at 

250 ms. During the CPT-II, there was a total of 360 trials (324 

targets and 36 nontargets). The CPT-II took 14 min to complete. 

 

c) N-Back task 
 

In the n-back task the subjects were required to monitor a series of 

stimuli presented in the centre of the laptop’s screen and they had to 
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respond whenever a given stimulus is the same as the one presented 

n trials previously (1-, 2-, and 3-back) (185). These different 

conditions are known as loads and in the highest cognitive load (i.e., 

3-back) the demands on working memory are stronger. Stimuli were 

presented in a fixed central location on a white background for a 

1500-ms duration with a 1000-ms interstimulus interval. All 

participants were required to press a specific keyboard button when 

the target appeared in the screen. Participants completed three levels 

(1-, 2-, and 3-back) for each stimulus. In the 1-back level, the target 

was any stimulus that matched the stimulus immediately preceding 

it. In the 2-back level, the target was any stimulus that matched the 

one presented two trials previously. In the 3-back level, the target 

was any stimulus identical to the presented three trials previously. 

Each level consisted of 25 trials. The first three trials of each level 

were never targets, and 33% of stimuli of the following trials were 

targets. After each level, a short break (5–20 s) was provided to 

allow participants some rest. Upon completion of each target, 

children heard a motivational recorded sample (“woo hoo!”) and a 

smiling face appeared at the top left of the screen. 

 

d) Attentional Network Task (ANT)  
 

In the ANT, a row of five yellow fish appearing either above or 

below a fixation point is presented (186). Children were invited to 

“feed” the central fish as quickly as possible by pressing either the 

right or the left arrow key depending on the direction in which the 

fish in the middle was pointing while ignoring the flanker fish, 

which pointed in either the same (congruent) or opposite 

(incongruent) direction than the middle fish. Each trial began with a 

fixation period, in which a cross appeared in the centre of the screen 

for a duration defined as a random variable between 400 and 1600 

ms. Subsequently, a warning cue was given by presenting an 

asterisk on the screen for 150 ms. Another brief fixation period of 

450 ms occurred following the disappearance of the cue, and this 

was in turn followed by the appearance of the row of five yellow 

fish. The ANT comprised a total of 16 practice trials and four 

experimental blocks of 32 trials each (a total of 128 trials). 
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4.3 Questionnaires  
 

a) INMA 
 

Physical activity and sedentary behaviour information was collected 

through questionnaires administered face-to-face to parents, 

generally the mother, at 4 years of age in the younger subcohorts 

(Valencia, Sabadell and Gipuzkoa), while this information was 

collected when the children were 6 years old in Menorca. Parents 

reported extracurricular physical activity of their children through 

the question “During a typical week, how long does your child 

perform extracurricular exercise every day, i. e. dance/swimming 

lessons, or just playing, running, cycling, skating, swimming, etc.?” 

The parents were able to specify more than one activity in Gipuzkoa 

and Sabadell. TV watching was studied separately because of the 

known different effects of this behaviour on cognitive outcomes as 

compared to other sedentary behaviours. In all regions, TV 

watching was assessed by the question “How many hours does your 

child watch TV per week?” Other sedentary behaviours were 

reported using the question “Outside school, how long does your 

child dedicate to games or sedentary activities (i. e. puzzles, books, 

dolls, homework, computer/video games)?” (See Paper V). 

 

b) BREATHE 

 
We collected information about extracurricular physical activity 

frequency and commuting (mode and duration) through a 

questionnaire completed by parents during the first visit (See Paper 

III). Parents reported extracurricular physical activity of their 

children through the question “How often does your child exercise 

until breathless or sweating, outside of school?” and they completed 

a table indicating the transport used usually by the child to go to 

school and the time spent in the trip. We used the data about the 

one-way route from home to school as a proxy of commuting.  
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c) Generation R 
 

Information about sports participation was obtained through a 

parent-reported questionnaire administered when the child was 6 

years old (See Paper IV). Parents completed the following question 

“Does your child take part in sports (for example, football, judo, 

gymnastics, jazz ballet, tennis, etc.)?” Parents were able to report up 

to three different sports, including information regarding frequency 

and duration of each sport. 

 

4.4 Magnetic Resonance Imaging  
 

Magnetic resonance images were acquired using a GE Discovery 

MR750 3.0 T scanner (GE Healthcare Worldwide, USA) with an 

eight-channel head coil. The high resolution T1-weighted image 

was collected using an inversion recovery fast spoiled gradient 

recalled sequence with the following parameters: TR (repetition 

time)=10.3 ms, TE (echo time)=4.2 ms, TI (inversion time)=350 

ms, NEX (number of excitations)=1, flip angle=16°, readout 

bandwidth=20.8 kHz, matrix 256×256, imaging acceleration factor 

of 2, and an isotropic resolution of 0.9×0.9×0.9mm
3
. 

 

We performed image quality assurance in two steps. The first step 

was a visual inspection of the image quality of the T1 sequence 

prior to preprocessing the data. The next step of quality assurance 

took place after the images were processed through the FreeSurfer 

pipeline, and consisted of a visual inspection of the segmentation 

quality of the data. Scans that were rated as unusable or poor were 

excluded.  

 

Cortical reconstruction and volumetric segmentation were 

performed with the FreeSurfer image analysis suite 

(http://surfer.nmr.mgh.harvard.edu/) version 5.1. The technical 

details of these procedures are described in a prior publication 

(187). Cortical thickness was calculated as the closest distance from 

the gray/white boundary to the gray/cerebrospinal fluid boundary at 

each vertex on the tessellated surface. The surface-based map was 

smoothed using a 10mm full-width half-maximum Gaussian kernel 

prior to whole-brain, surface-based analyses.  
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5. RESULTS 
 

Paper I. Continuous Performance Test II Outcomes in 11-Year-Old 

Children with Early ADHD Symptoms: A Longitudinal Study 

 

Paper II. Developmental Trajectories in Primary Schoolchildren 

Using n-Back Task 

 

Paper III. Physical Activity and Cognitive Trajectories in 

Schoolchildren 

 

Paper IV. Cortical Structures Associated with Sports Participation 

in Children: A Population-Based Study 

 

Paper V. Longitudinal effects of physical activity and sedentary 

behaviours on working memory in children 
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Abstract 

Background 

Low levels of physical activity and high levels of sedentary behaviors are 
linked with poorer cognitive function in infancy and childhood, but lack 
of prospective studies limits inference about the directionality of these 
associations. We aimed to study the effects of early physical activity, TV 
watching and other sedentary behaviors on working memory at 7 and 14 
years of age. 

Methods 

This study was based on four subcohorts of the Spanish population-based 
birth cohort INMA. In the younger three subcohorts (n=1,093) parents 
reported lifestyle habits and socio-demographic information through a 
questionnaire at child age 4, and children performed a computerized 
working memory task at age 7 years. In the older subcohort (n=307), the 
questionnaire was completed at 6 years of age and working memory was 
tested at 14 years.  

Results  

Low physical activity levels at 4 years old were associated with a 
reduction of 23 points (95% CI: -45, -1.6) in working memory task at age 
7 only in girls. Low physical activity levels at 6 years of age were 
associated with a reduction of 96 points (95% CI: -179.3, -12.9) in the 
working memory task in adolescent boys. TV watching and other 
sedentary behaviors were not associated with working memory. These 
results were robust to the adjustment for socio-economic factors and 
sensitivity analyses. 

Conclusion 

Children with low levels of physical activity in two periods of 
vulnerability had worse cognitive function later in school-aged girls and in 
adolescent boys.  
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Introduction 

Healthy lifestyle habits, such as adequate levels of physical activity (PA) 
and sedentary behaviors (SB), are a fundamental prerequisite for the 
development of basic cognitive, motor and social skills in children.1,2 U.S. 
guidelines recommend 120 minutes of PA daily in preschoolers.3 In 
children, it has been recommended to participate in at least 60 minutes per 
day moderate-to-vigorous physical activity (MVPA), however only 4.6% 
of girls and 16.8% of boys between 10 and 12 years old in Europe reach 
these recommendations.4 Approximately a third of the children between 2 
and 10 years old fail to meet the current screen time recommendations of 
less than 2 hours per day (American Academy of Pediatrics).5 PA 
decreases from childhood to adolescence and from adolescence to young 
adulthood; whereas SB, including screen time and other activities such as 
reading or doing homework, increase from childhood to adolescence.6  
Low PA and high SB are not necessarily correlated7 and their health 
effects should be examined independently.4 Cognitive functions such as 
attention8 and higher-order cognitive processes, particularly working 
memory (WM), the ability to keep information online for a short period of 
time for cognitive processing, have important implications for learning 
and school achievement.9,10 These functions develop significantly across 
childhood and adolescence and have been related to PA and SB.8,11 
Positive cross-sectional associations have been observed between PA and 
cognitive functions in preschoolers12 and in school age children.11,13–16 
Regarding SB, while TV watching and playing videogames have been 
inversely associated with executive functions, reading was associated 
positively with different cognitive outcomes in preschoolers17,18 and 
schoolchildren.11,19 Contrarily, other studies have observed that 
videogames can enhance executive functions.20–22  

An important limitation of existing research on PA, SB and cognitive 
functions is the cross-sectional design11,13,18,19,23–25 that limits the 
possibility to infer directionality of the association. Furthermore, it is 
unknown whether this association extends to subsequent developmental 
periods. The effect of these lifestyle behaviors on cognitive outcomes may 
change at different periods, since the type of activities vary across ages.6 
Similarly, the link between PA or SB and cognitive functions may be 
moderated by both the age and the specific cognitive process, since they 
develop at different rates.26 The current literature indicates that the 
preschool and school years are important for establishing healthy lifestyle 
behaviors,27 and that WM undergoes constant change through childhood 
and adolescence, which makes this specific cognitive function a good 
indicator of cognitive development at these periods of life.9,28 We 
therefore aimed to evaluate, in a prospective study design, the effect of PA 
and SB on WM development in two key periods of cognitive maturation 
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in two separate populations. We focused on extracurricular PA because 
this behavior is more variable among children than school PA, which is 
highly standardized. Moreover, extracurricular PA is the best indicator of 
the engagement in PA later in life.5 The type of PA included in each of the 
populations was adapted to children’s age, as certain forms of PA may be 
more beneficial to cognitive development at one age or another.26 The 
specific objectives of this study were to analyze 1) the effect of PA habits, 
TV watching and other SB at preschool age on WM at primary school 
age, and 2) the effect of PA habits, TV watching and other SB at primary 
school age on WM in adolescence. In addition, we evaluated differences 
by sex, since lifestyle patterns are different between girls and boys.4 

Methods 

Design and study population 

This study was based on the population-based birth cohort INMA, 
including 4 Spanish regions: Menorca (n=530), Valencia (n=855), 
Sabadell (Catalonia) (n=657), and Gipuzkoa (Basque Country) (n=638).29 
In Menorca (the oldest subcohort), women attending antenatal care were 
recruited over a 12-month period starting in mid-1997, while in Valencia, 
Sabadell and Gipuzkoa (the younger subcohorts) the recruitment took 
place between 2003 and 2008. The number of participants in this study 
was 1,093 children for the younger subcohorts, and 307 for the oldest 
subcohort. Only subjects with information about lifestyle habits and 
cognitive task were included in the current analysis (Figure 1). The study 
was approved by the Hospital Ethics Committees in the participating 
regions and informed consent was signed by parents.  

Measurement of physical activity and sedentary behaviors 

PA and SB information was collected through questionnaires administered 
face-to-face to parents, generally the mother, at 4 years of age in the 
younger subcohorts (Valencia, Sabadell and Gipuzkoa), while this 
information was collected when the children were 6 years in Menorca. 
Parents reported extracurricular PA of their children through the question 
“During a typical week, how long does your child perform extracurricular 
exercise every day, i. e. dance/swimming lessons, or just playing, running, 
cycling, skating, swimming, etc.?” The variable “extracurricular PA” 
excluded outdoor playing, walking and cycling in Menorca, since 
structured PA may be more beneficial to cognitive development at this 
age than unstructured PA.26 The parents were able to specify more than 
one activity in Gipuzkoa and Sabadell (Supplemental Material).  
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TV watching was studied separately because this behavior has different 
effects on cognitive outcomes as compared to other SB. In all regions, TV 
watching was assessed by the question “How many hours does your child 
watch TV per week?” Other SB was reported using the question “Outside 
school, how long does your child dedicate to games or sedentary activities 
(i. e. puzzles, books, dolls, homework, computer/video games)?” As the 
questions were not identical in all the regions (Supplemental Material), 
the answers were harmonized a posteriori. Categorical variables were 
transformed to continuous variables (Supplemental Material). The 
continuous variables in minutes were transformed to hours per day and 
then, added to hours per week. In Menorca, TV watching was excluded 
from SB question by subtracting the value obtained in TV watching 
specific question. 

Neuropsychological testing 

Baseline cognitive function was assessed by trained psychologists at 4 
years of age using the McCarthy Scales of Children’s Abilities (MSCA).30 
The general cognition score, which is the sum of all cognitive tasks that 
MSCA assesses, has a good internal consistency (Cronbach’s alpha 
coefficient = 0.82). The general cognition score was standardized to a 
mean of 100 with a standard deviation of 15.  
WM was tested individually using computerized n-back task31 at 7 years 
of age in the younger subcohorts and at 14 years of age in Menorca. This 
instrument has been validated with brain imaging,32 and in the general 
population.33 The duration of the sessions was 25 minutes. Briefly, in the 
n-back task, participants have a sequence of stimuli on the computer 
screen (i.e. a number), one at a time, and they have to respond (i.e. hit a 
button) only when the current stimulus matches the one presented n steps 
before. The specific visual n-back task used consisted of a series of 
numbers, and three levels of difficulty or loads (1-, 2-, and 3-back). 
Stimuli were presented in a fixed central location on a white background 
for a 1500-ms duration with a 1000-ms interstimulus interval. Participants 
completed three blocks (1-, 2-, and 3-back) consisted of 25 trials each 
block. The first three trials of each block were never targets and 33% of 
stimuli of the following trials were targets. In the present study, we only 
analyzed the 2-back task because it showed better properties than the 1- 
and 3-back tests (e.g. clear age-dependent slope and little learning 
effect).34 We measured d prime (d’), a measure of detection subtracting 
the normalized false alarm rate from the hit rate: (Z hit rate - Z false alarm 
rate) x 100. A higher d’ indicates more accurate test performance and thus 
better WM. 
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Socio-demographic variables 

Birth date and child’s sex were collected after delivery. Age was 
calculated based on birth date and neuropsychological testing session date. 
We used maternal education as a proxy of social class; this information 
was collected during the first trimester of pregnancy through a 
questionnaire. This variable was categorized in three levels for the 
analysis (1: Primary or without education; 2: Secondary; 3: University).  

Statistical analyses 

We used categorical lifestyle variables split by the median value in each 
subcohort. We performed Tobit regression models35 to take into account 
that the 2-back d’ was truncated at 391 score due to the ceiling effect in 
this task (12.2% censored observations in the younger subcohorts, and 
59% in the older subcohorts). We performed independent models for each 
lifestyle behavior (extracurricular PA, TV watching, and other SB). 
Separate models were performed for Menorca and younger subcohorts. 
Pooled analyses were performed to combine the younger subcohorts 
(Valencia, Sabadell and Gipuzkoa). The confounders included in our 
models were sex, age in years, maternal education, and baseline cognitive 
function (MSCA), as previous literature has indicated that these variables 
could be associated with both lifestyle habits and cognitive 
performance.4,6,25,36 Final models were additionally adjusted for subcohort 
in the pooled analyses. We also performed stratified analyses for boys and 
girls to study possible effect modification by sex in the association 
between early lifestyle habits and later WM. 

Statistical analyses were done using R (3.0.2; R Foundation for Statistical 
Computing) and Stata 12.1 (Stata Corporation, College Station, Texas). 

Results 

The characteristics of the participants by region are described in Table 1. 
Boys and girls were similarly distributed in all the regions. Children from 
Sabadell and Gipuzkoa reported the higher levels of PA, spending 14 to 
15 hours per week in extracurricular PA, respectively. Younger 
subcohorts spent 9 to 11 hours per week watching TV and 7 to 10 in other 
SB. In Menorca, children spent 3 hours per week in structured PA; they 
spent 7.6 hours per week watching TV and 13.5 hours per week in other 
SB. The mean n-back score was higher in the oldest subcohort (Menorca) 
and lower in the youngest subcohort at follow-up (Sabadell).  

Table 2 shows the percentage of children in each category of the lifestyle 
behaviors by sex and maternal education. In the younger subcohorts 
(Valencia, Sabadell and Gipuzkoa) boys spent more time doing PA and 
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watching TV, while girls spent more time in other SB. In Menorca, the 
percentage of boys was slightly higher in the high PA and high TV 
watching group, while the percentage of girls was higher in the group of 
high other SB levels. Children whose mothers had lower education spent 
more time watching TV than those of higher educational background, 
both in the younger and older subcohorts. 

Low levels of extracurricular PA at 4 years of age were associated with a 
reduction of 23 points (95% CI: -45, -1.6) in WM task at age 7 years in 
girls compared to those with high levels of extracurricular PA (median d’ 
score in girls=167) (Table 3), whereas no association was detected in boys 
(p for interaction=0.105). In Menorca (the older subcohort), we found a 
reduction of 62 points (95% CI: -119.9, -4.8) in the WM task in 
adolescents who were less active at age 6 years compared to those who 
were more active (median d’ score=392). The stratified analyses showed a 
clear association in boys (coef.: -96.1; 95% CI: -179.3, -12.9) but did not 
reach statistical significance in girls (coef.: -28.6; 95% CI: -107.3, 50.9) (p 
for interaction=0.282). No statistically significant longitudinal 
associations were observed between TV watching or other SB and WM 
function at either age or in either sex. 

Discussion 

In this study, girls with low levels of extracurricular PA at 4 years of age 
had worse cognitive function (i.e., performance in a WM task) later at age 
7. Boys with low PA levels at 6 years of age had worse WM task 
performance at age 14 years in an independent study population. No 
associations were observed between early SB and later WM performance. 

Many studies have observed the positive cross-sectional relationship 
between PA and cognitive functions in children,12,23,24 especially executive 
functions.8,11,14 In line with our results, Chaddock et al. (2012)37 
demonstrated that childhood fitness (a variable closely related to PA) 
predicted cognitive abilities one year later in a longitudinal study. PA may 
enhance attentional processes and executive functions through different 
mechanisms at multiple levels, from cells to social interaction. Cognitive 
skills acquired during PA may transfer to cognitive functioning in other 
situations.26 Chronic PA has been associated with larger brain volume in 
regions supporting memory and executive functions,38–40 improvement in 
the connectivity of brain networks,41,42 higher levels of brain-derived 
neurotrophic factor (BDNF)36,43 and enhanced cerebrovascular function.44 

Regarding our results in the younger children, we found a positive 
association between PA levels at 4 years of age and WM performance at 7 
years. The question included different types of PA, such as playing, 
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walking, cycling and sports. Previous literature has supported the idea that 
any type of PA, measured using accelerometers, is associated with better 
cognitive capacities using a cross-sectional design.11 This is particularly 
true for younger children, who may benefit more from unstructured forms 
of PA than older children.26 The longitudinal approach of our study 
highlights the importance of early PA habits for maximizing cognitive 
development of children. Interestingly, in line with previous studies,45,46 
the positive association between PA and WM performance was only 
found in girls. This finding can be explained by different levels of activity, 
as the greater benefits of PA on cognition are observed at lower frequency 
levels of PA, by different type of activity or different metabolic pathways 
between boys and girls.45  

Regarding older children (Menorca subcohort), our results indicated that 
time spent in extracurricular PA at 6 years predicted WM performance of 
the same children 8 years later, with differences by gender. In Menorca 
(the oldest subcohort), the variable of extracurricular PA included mainly 
structured PA, such as sports. Although PA levels starts to decrease 
through late childhood,6 it is known that sports participation increases at 
school age, since preschool children do not normally participate regularly 
in organized PA5 and habitual PA is rarely intensive.47 Sport usually 
occurs regularly, is highly intense, with a strong social component.48,49 
Children engaged in sports are more likely to be physically active during 
adolescence and adulthood.50 Thus, this study showed that structured PA 
during childhood might have long-term positive effects on cognitive 
development. In this sample, the effect was strong in boys, not reaching 
statistical significance in girls. It is possible that the intensity of the 
structured PA at school age was higher in boys than in girls, which would 
be more beneficial for later WM development. 

We did not observe any association between SB and WM. We analyzed 
separately TV watching and other SB, since opposite effects have been 
observed for each of these behaviors.17,18 However, both variables were 
probably too general to detect some effect. We had no information about 
the content of the TV programs, which may be detrimental or beneficial 
for cognitive functions. For instance, early exposure to age-appropriate 
programs designed around an educational curriculum is associated with 
academic enhancement, whereas exposure to violent content is associated 
with poorer cognitive development.25,51 The variable of other SB included 
a large variety of behaviors, such as solving puzzles, reading, playing with 
dolls, doing homework or playing video games. All these activities could 
affect cognitive development in different ways.11,17 According to our 
results, early SB may have no influence in later cognitive maturation at 
any of the studied age periods. The null results could be explained by the 
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heterogeneity of activities included in this question, which may dilute any 
possible association.   

This study has some limitations. First, some questions were not identical 
between subcohorts. In order to account for these differences by region, 
categorical variables split by cohort specific medians were used in the 
analyses, which could lead to imprecise results. Second, half of the initial 
sample was lost at follow-up, which made selection bias possible. Our 
sample may be more predisposed to participate in activities than the 
general population, driving to underestimated effects. Third, the reduced 
sample size in the stratified analyses by sex in Menorca restricted the 
interpretation of our results; with our data we were unable to confirm or 
discard any association in adolescent girls. Fourth, the associations found 
in this study can be explained by residual confounding by unmeasured 
variables, such as household income. The inclusion of other covariates 
related to social class could reduce the effects observed in our study. Fifth, 
the content of the TV program, key for the cognitive consequences of 
screen time in the children,25 was not asked to parents. Moreover, the 
general questions regarding SB (i.e., TV program content, type of 
sedentary activity, etc.) may dilute possible longitudinal associations 
between specific sedentary activities and WM. Finally, the lifestyle habits 
included in this study were not objectively measured, on the contrary, this 
information was reported by parents, which may imply misclassification, 
recall bias or perceived desirability of responses. Furthermore, parents 
tend to overestimate the level of activity of their child.52  

The main strength of this study is the long period between measurements. 
We extended the results obtained by Chaddock et al. (2012)37 by showing 
that early PA habits predicted WM performance at school age and 
adolescence. In addition, the different ages of the samples in this study 
allowed us to compare different age periods. We adjusted the models for 
baseline cognitive function, which represented an advantage towards 
cross-sectional studies. Our sample was part of a population-based birth 
cohort including different Spanish regions, which increased the external 
validity of the study, as the results can be generalized to the general 
population of children. Furthermore, this cohort allows studying the 
longitudinal effects of healthy lifestyles with longer time lapses, as the 
follow-ups assessing different health and cognitive outcomes are being 
carried out consecutively. The cognitive instrument used in the present 
article to measure WM was validated in the general population.33 While 
less comprehensive than formal neuropsychological assessment, the 
standardization of the computerized format can provide increased 
objectivity.53 
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Conclusions 

In conclusion, this study has shown that low PA levels at preschool age 
were associated with poorer WM performance at school age in girls and 
that low PA levels at school age did so in adolescent boys. These data 
suggested that PA habits at early ages influence the WM at school age, 
which may impact academic achievement. Our results also showed that 
highly intense and structured physical activities are especially relevant for 
WM development in adolescence. Further studies should include larger 
sample sizes to compare the effects by sex at different ages, longer time 
periods between the exposure and the cognitive outcomes, specific SB 
questions and/or objective activity measurement such as accelerometers.  
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Table 1. Characteristics of the participants 

 

	  
Younger subcohorts  

Older 
subcohort  

	  	  
Valencia 
(n=437) 

Sabadell 
(n=492) 

Gipuzkoa 
(n=164) 

Menorca	  
(n=307) 

Baseline  
    Sex (n, % 

females) 217 (49.7%) 232 (47.2%) 83 (50.6%) 157 (51.1%) 
Age (mean, SD)  4.3 (0.12) 4.4 (0.19) 4.5 (0.25) 6.1 (0.08) 
Maternal 
education  (n, %)  

	   	     Primary or low 116 (26.5%) 111 (22.6%) 21 (12.8%) 150 (48.9%) 
Secondary 188 (43.0%) 208 (42.3%) 60 (36.6%) 90 (29.3%) 
University 133 (30.4%) 158 (32.1%) 83 (50.6%) 46 (15.0%)  
Missings 0 (0%) 15 (3.1%) 0 (0%) 21 (6.8%) 

Extracurricular 
PA  (h/w) (mean, 
SD)  4.6 (5.5) 14.4 (6.1) 15.1 (3.8)	   3.1 (2.5) 
TV (h/w) (mean, 
SD)  10.0 (5.4) 11.4 (7.0) 9.0 (6.1) 7.6 (4.3) 
Other SB (h/w) 
(mean, SD)  8.9 (6.0) 10.1 (6.0) 7.5 (4.8) 13.5 (5.2) 
Follow-up  

    Age (mean, SD)  7.6 (0.20) 6.7 (0.45) 7.9 (0.13) 14.6 (0.21) 
Working 
Memory (2-back, 
d') (mean, SD)  172 (124) 159 (114) 226 (108) 327 (88) 

PA: physical activity, TV: television; SB: sedentary behavior; SD: standard 
deviation 
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Table 3. Adjusted associations between preschool and school age lifestyle 
habits and 2-back performance (d’) at childhood (Sabadell, Valencia and 
Gipuzkoa) and adolescence (Menorca) 

	  

Younger subcohorts 
(Valencia, Sabadell 

and Gipuzkoa) 

Older subcohort 
(Menorca) 

Coef.1 (95% CI) Coef.2 (95% CI) 
Extracurricular PA 
(ref. high activity) 

All -8.93 (-24.65, 6.78) -62.34 (-119.90, -4.79)
Girls -23.31 (-45.01, -1.62) -28.60 (-107.29, 50.09)
Boys 6.21 (-16.49, 28.91) -96.05 (-179.26, -12.85)

TV (ref. low TV 
watching) 

All 6.21 (-9.93, 22.35) -8.91 (-60.93, 43.11)
Girls 10.75 (-11.78, 33.27) 9.99 (-63.32, 83.30) 
Boys 0.77 (-22.33, 23.88) -17.43 (-91.48, 56.62)

Other SB (ref. low 
SB)  

All 3.79  (-12.07, 19.67) -21.74 (-73.08, 29.61)
Girls -1.47 (-23.31, 20.37) 17.69 (-53.12, 88.50)
Boys 9.44 (-13.56, 32.44) -57.93 (-132.64, 16.77)

Coef.: coefficient; CI: confidence interval; PA: physical activity; TV: television; 
SB: sedentary behavior. 1 Tobit models adjusted for age, sex, maternal education, 
baseline cognitive function and subcohort. 2 Tobit models adjusted for age, sex, 
maternal education and baseline cognitive function. 
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Figure 1. Flowchart of the study population 

Younger subcohorts (Valencia, Sabadell and Gipuzkoa) 

Older subcohort (Menorca) 

Initial sample 
(n=2,150) 

Questionnaire at 4 
years old 
(n=1,576) 

2-back task at 7
years old (n=1,093) 

574 subjects excluded 

483 subjects excluded 

Initial sample 
(n=530) 

Questionnaire at 6 
years old 
(n=468) 

2-back task at 14
years old (n=307)

62 subjects excluded 

161 subjects excluded 
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Supplemental Material: Questionnaires 
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Transformations categorical variables to continuous variables: 
 

aLess than ½ hour/day 20 min/d 
½ to 1 hour/day 45 min/d 

1 hour/day 1 h/d 
2 hours/day 2h/d 
3 hours/day 3h/d 

4 or more hours/day 4h/d 
 

bNever or almost never  0.1 h/d  
Less than ½ hour per 

day 
20 min/d 

Between ½ and less 
than 1 hour/day 

45 min/d 

1 hour/day 1 h/d 
2 hours/day 2h/d 
3 hours/day 3h/d 

4 or more hours/day 4h/d 
	  

cLess than 1 hour/day 30min/d 
1 hour/day 1 h/d 
2 hours/day 2 h/d 
3 hours/day 3 h/d 
4 hours/day 4 h/d 
5 hours/day 5h/d 

6 or more hours/day 6 h/d 
	  

dAlmost never 0.1 h/d 
1 hour/day 1 h/d 
2 hours/day 2h/d 
3 hours/day 3h/d 
4 hours/day 4h/d 
5 hours/day 5h/d 

6 or more hours/day 6 h/d 
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6. GENERAL DISCUSSION 
 

6.1 Contributions and implications for public 
health 
 

In the first study, we found longitudinal associations between 

preschool ADHD symptoms in a population-based birth cohort and 

worse performance in a cognitive task measuring attention function 

at 11 years of age. The most altered outcome was speed consistency 

across the task or HRT-SE. These associations were not confounded 

by sociodemographic factors.  

 

In the second study, we demonstrated that n-back task is able to 

detect developmental trajectories in children from 7 to 11 years old 

from the general population through four repeated administrations 

in a period of 1 year.  

 

The third study showed that the most active children, in this case 

based on extracurricular physical activity and commuting to school, 

obtained better scores in the cognitive tasks at baseline than less 

active children. All the models were adjusted for sex, maternal 

education, socioeconomic vulnerability index, and home air 

pollution. Physical activity levels had no clear effects on cognitive 

growth trajectories.  

 

In the fourth study, we found associations between sports 

participation and the cortical morphology in a population-based 

sample of children. We showed a positive relationship between 

sports participation and the thickness of brain areas involved in 

motor control, as well as evidence for the role of team sports versus 

individual sports participation in the development of brain areas 

involved in the regulation of behaviours. These associations 

remained after adjusting the regression models for age, gender and 

maternal education. 

 

In the fifth study, girls with low levels of extracurricular physical 

activity at 4 years of age had worse cognitive function (e.g., 

performance in a WM task) later at age 7. Boys with low physical 

activity levels at 6 years of age had worse WM task performance at 
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age 14 years in an independent study population. In this study, these 

associations were obtained after adjusting the statistical models for 

age, sex, maternal education, and baseline cognitive function. 

 

The first two studies have important implications for the 

measurement of cognitive development in the context of 

epidemiological research. The influence of different individual 

factors such as age, gender or ADHD symptoms in the general 

population has to be taken into account when the outcome is 

cognitive development in epidemiology, especially in 

environmental epidemiology discipline. Environmental 

epidemiology is characterized by studying the effect of 

environmental factors on different health outcomes. The results of 

our first study, in line with previous literature, indicated that speed 

consistency across a neuropsychological task is the most stable 

altered cognitive measure in children with ADHD symptoms. We 

also found other alterations less severe in children with ADHD 

symptoms, such as increased number of omission errors and 

delayed HRT in the last block of the task, which indicated a 

dysfunction of the sustained attention domain. This longitudinal 

perspective lets us observe the evolution of incipient problems and 

their consequences in the long term. The second study provided the 

epidemiological research with a novel methodology to use 

individual trajectories of cognitive development as an outcome 

using n-back task. This improvement in neurodevelopment 

characterization as a process would allow the detection of 

alterations in the growth pattern caused by social, environmental 

and other factors. We observed a rapid improvement in d prime (d’) 

score, a measure of signal detection, at younger ages and more 

pronounced in 2-back than 3-back. The cognitive growth was more 

pronounced in girls as compared to boys and similar in children 

with and without ADHD symptoms, although the baseline 

performance in children with ADHD symptoms was lower. Our 

results showed delayed cognitive development in children with 

ADHD symptoms. No improvement of response speed was 

observed in children with ADHD symptoms with age. This study 

has implications for basic neuropsychology research, since offers 

the possibility of testing theories about WM development 

(188,189). Therefore, with these two studies we showed the 

importance of including individual cognitive trajectories in 

epidemiological research and the influence of age, gender and 
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ADHD symptoms on cognitive measures, in one time point and 

trajectories. 

 

The remaining three papers highlighted the importance of the 

promotion of physical activity habits in children. In the third study, 

we used repeated-measurement design to study the association 

between physical activity and neurodevelopmental trajectories. We 

showed that exercising twice per week or more was associated with 

better 2-back, 3-back and inattentiveness scores at baseline, as 

compared to “once per week or less” category. Active commuting 

for more than 50 minutes was associated with better 3-back scores 

at baseline, as compared to passive commuting. No consistent 

associations were found between physical activity and cognitive 

growth trajectories. Overall, our results suggest an earlier 

maturation of highly active individuals. In the fourth study we 

explored the cortical morphology related to sports participation. We 

found that sports participation was associated with increased 

cortical thickness in areas involved in motor control in healthy 

children. In addition, we observed morphological differences 

between team and individual sports. Children enrolled in team 

sports showed cortical thickness reductions in brain areas related to 

behavioural regulation. The fifth and last study included in this 

thesis was a longitudinal study, which aimed to find the long-term 

effects of lifestyle habits at early ages, such as physical activity and 

sedentary behaviours, on later cognitive development (i.e., 

performance in a WM task). The novelty of this study was the 

inclusion of two different age groups. This study showed that low 

physical activity levels at preschool age were associated with poorer 

WM performance at school age and that low physical activity levels 

at school age did so in adolescence. These data suggested that 

physical activity habits at early ages influences the WM at school 

age, which may impact academic achievement. Our results also 

showed that highly intense and structured physical activities are 

especially relevant for WM development in adolescence. Overall, 

these three studies stress the role that an active lifestyle during 

childhood has in the development of the brain and specific cognitive 

functions that are of key importance for academic achievement.  

 

Therefore, understanding the potential of physical activity for 

maximizing brain and cognitive development of children has 

significant implications for educators and policy makers. Increasing 
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the level of physical activity of children would lead to substantial 

benefits for the health and fulfilment of the population. EF, which 

are highly influenced by physical activity in children, are critical for 

learning, academic achievement, as well as emotional and 

behavioural regulation. In addition, there could be improvements in 

the environment, the individual quality of life, community social 

participation and resilience. More walking and cycling could help 

reduce greenhouse gas emissions, air pollution, and noise.  

 

6.2 Strengths 
 

The samples of three studies included in this thesis were population-

based birth cohorts (INMA and Generation R). Regarding INMA 

cohort, we used longitudinal data, which allowed inferring the 

causal relationship between physical activity and the cognitive test 

performance. All the studies were performed using large sample 

sizes drawn from the general population, which increased the 

external validity of the results. 

 

The dimensional perspective of ADHD we used was appropriate in 

population-based studies. This approach may mitigate the limitation 

related to the reduced number of children with more severe 

symptoms, as compared to clinical samples (190). 

 

The neuropsychological tests used have good psychometric 

characteristics, were administered directly to the children, which 

reduced the error of the observer, and were computerized. The 

computerized format of the instruments was essential to our studies, 

while less comprehensive than formal neuropsychological 

assessment, the standardization of the computerized format can 

provide increased objectivity and allows the use of highly precise 

outcomes such as response speed measured in milliseconds. 

 

The developmental approach we took in these studies, first to 

improve the neurodevelopmental assessment, and second to 

disentangle the relationship between physical activity and cognitive 

growth in children, was the main contribution of this thesis. For the 

first time, the cognitive trajectories of children with different 

activity levels have been explored. Regarding the longitudinal 

study, it has shown the long-term association between physical 



 

 143 

activity and cognitive function in two critical periods of 

development.   

 

The second novelty of this thesis was the inclusion of children MRI 

data from a large cohort with information about sports participation 

and other important confounding factors. This provided the unique 

opportunity to test differences in brain morphology associated with 

sports in healthy children. 

 

6.3 Limitations 
 

The studies included in this thesis have some general weaknesses.  

 

Teachers reported information about ADHD symptoms, thus we 

lack information about the occurrence of these symptoms in other 

settings, such as home. We chose teachers for reporting these 

symptoms because they have a wide knowledge of children’s 

behaviours (191). 

 

The use of cognitive trajectories has intrinsic limitations due to 

repeated administration of the same task, known as learning or 

practice effect. Although little practice effect has been shown in n-

back task (192), we did not observe important learning of the task 

across sessions. It was difficult to determine this effect, since we 

adapted the level of the task to the age of the children because the 

priority of the study was to compare individual performance. 

Therefore, the comparison between different age groups to examine 

the possible practice effect was not fully reliable. Anyway, we 

decided to assume any possible learning of the task throughout the 

sessions, so what we considered cognitive growth could also 

include some practice effect. In our models, the adjustment by 

session did not remove the age effect; therefore practice did not 

fully explain the improvement. 

 

Major limitations related to the questionnaires completed by parents 

exist. Physical activity is difficult to measure in children due to its 

sporadic nature. Although subjective measures allowed us to obtain 

information about the context and the type of physical activity, the 

type of instruments used do not provide accurate intensity 

information, as opposed to objective measures. It may also imply 
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misclassification, recall bias, perceived desirability of responses, or 

overestimated levels of activity. Moreover, the questionnaires were 

completed only once, so we lack information about the evolution of 

the physical activity habits. In general, we ignore for how long the 

sport or the physical activity reported has been practiced. So, we are 

unable to distinguish the effects of different patterns (regarding 

onset, duration, etc.) on cognitive development. Particularly, our 

longitudinal study had profound limitations, since the questions 

about physical activity and sedentary behaviours were different 

between regions. This heterogeneity in the exposure data 

complicated the interpretation of the results, although a big effort 

was done trying to harmonize the answers of the questionnaires. 

Even though, the harmonization was not the ideal method, which 

could compromise validity. Another limitation of this study was the 

different sample size between the younger and the older subcohorts, 

which could make difficult the interpretation of the results. 

 

A general limitation of all the studies presented here is the selection 

bias originated not only at the beginning of each project, but also at 

the follow-up. Therefore, the final samples may be more 

predisposed to participate in activities than the general population, 

and this could drive to underestimated effects. 

 

Although the external validity was high in all the studies, it should 

be mentioned that the prevalence of high social class is higher than 

in the general population and the studies were carried out in western 

societies, which can influence both the exposure and the outcome in 

our studies. The sports and the physical habits of the population not 

only depend on the social class and the cultural background; the 

geographical region also influences it. As a consequence, our results 

were not fully applicable to other contexts. 

 

The associations found in these studies can be explained by residual 

confounding, such as household income. The inclusion of other 

covariates related to social class could reduce the effects observed 

in our studies. 
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6.4 Future research 
 

Further research should include longitudinal data in adolescents to 

observe the consistency of our findings across a longer time period 

of neuropsychological development. A study more focused on WM 

development from a theoretical point of view is warranted. It has 

been suggested that WM development is caused by changes in 

speed (188), while other authors (189) have found that speed and 

WM changes are related but the relation is not causal. Having 

almost 3000 children tested four times in a year is extremely rare in 

developmental psychology. All this data could be used to try to 

disentangle the relationship existing between the development of 

response speed and the development of WM. 

 

More studies are needed in order to better understand the role of 

physical activity in the development of different cognitive domains, 

specifically EF, at a longitudinal level. This knowledge would 

provide evidence about the sensitivity of specific cognitive 

functions to physical activity at different ages. At the same time, 

this research would highlight the importance of promoting policies 

related to healthy habits in children. 

 

Regarding our findings in the cortical structure related to sports 

participation, longitudinal studies should be carried out in order to 

establish causality and further explore the effect of team versus 

individual sports on differences in brain development. It would be 

interesting to add a control group of children who do not participate 

in sports to study the brain areas related to team sports in 

comparison to the control group as well as the areas related to 

individual sports in contrast to the same control group. The 

inclusion of neuropsychological assessment of specific EF would 

provide functional correlates of the brain regions that were thinner 

in children enrolled in team sports in our study. Moreover, a larger 

sample size is necessary to confirm our results. A larger sample of 

girls is needed in order to perform the same analysis as we did in 

boys and compare the results between boys and girls. The inclusion 

of older participants could help in increasing the number of girls 

enrolled in sports, since participation in sport peaks at around 11-13 

years. The acquisition of longitudinal MRI data would allow 

studying the effect of physical activity on the cortical thickness 
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change across development, which is better related to high cognitive 

skills than cortical thickness per se (116). Furthermore, longitudinal 

data of physical activity, in general, and sports participation, in 

particular, would provide information about the lifestyle 

trajectories. This information would allow studying the effect of 

different physical activity temporal patterns on the brain, for 

example, when it is constant across time, when it is interrupted or 

when it is started at older ages. In other words, repeated measures of 

physical activity are needed to figure out the effects of duration, the 

age at enrolment and the long-term effects on brain maturation, 

since this habits change considerably across life (40). The objective 

measurement of physical activity would be useful to get information 

about intensity, since a more intense activity has increased potential 

to cause molecular changes in the brain, such as vascular 

remodelling due to higher cerebral oxygenation.  

 

Further studies should include larger sample sizes to compare the 

effects of physical activity on WM development by gender at 

different ages, longer time periods between the exposure and the 

cognitive outcomes, specific questions about sedentary behaviours 

and/or objective activity measurement such as accelerometers. 

Moreover, it is still to be elucidated through mediation analyses 

whether the effect of early physical activity habits on later WM 

development is by a direct pathway or, on the contrary, the effect is 

indirect, by current physical activity habits. The direct pathway 

would imply that the physical activity at early ages has beneficial 

effects on later cognitive development that are independent of 

current levels of physical activity. The mechanisms underlying this 

association might include neurogenesis and synaptic plasticity, 

providing a more complex brain at early ages that would increase 

the potential to form more efficient networks. Otherwise, the 

mediated pathway would imply that the early life acquisition of 

healthy habits influences the current levels of physical activity, 

which in turn increases the cognitive capacities through the 

different mechanisms described in the introduction. Anyway, both 

theories highlight the importance of promoting physical activity 

habits early in life. 
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7. CONCLUSIONS 
 

The main conclusions of this thesis are: 

 

1. The presence of ADHD symptoms in preschool children was 

longitudinally associated with a lower performance on the 

CPT-II. Omission errors seemed to be partly explained by 

early social and cognitive competences. Slower HRTs 

showed a direct association with inattention symptoms, 

particularly in the latest CPT-II blocks. HRT (SE) was 

strongly related to hyperactivity symptoms. 

 

2. N-back task detected age-related trajectories in primary 

schoolchildren from the general population. In addition, this 

task showed different developmental patterns by sex and 

ADHD symptoms. The repeated administration of this task 

can be used to study the factors that may alter the cognitive 

development during childhood. 

 

3. Although medium and high levels of physical activity could 

be related positively to baseline cognitive performance in 

schoolchildren, physical activity levels may not have an 

effect on cognitive trajectories. 

 

4. Sports participation was associated with thicker cortex in 

areas that are involved in motor control. Children enrolled in 

team sports versus individual sports showed a more mature 

cortex in areas related to behavioural regulation. 

 

5. Low physical activity levels at preschool age were 

associated with poorer WM performance at school age and 

low physical activity levels at school age did so in 

adolescence.  





 

 149 

REFERENCES 
 

1.  Terris M. Approaches to an epidemiology of health. Am J 

Public Health. 1975 Oct;65(10):1037–45.  

2.  Powell KE, Paffenbarger RS. Workshop on Epidemiologic 

and Public Health Aspects of Physical Activity and Exercise: a 

summary. Public Health Rep Wash DC 1974. 1985 

Apr;100(2):118–26.  

3.  American College of Sports Medicine. ACSM’s Guidelines 

for Exercise Testing and Prescription. Lippincott Williams & 

Wilkins; 2013. 481 p.  

4.  Biddle SJH, Mutrie N. Psychology of Physical Activity: 

Determinants, Well-Being and Interventions. 2 edition. Milton Park, 

Abingdon, Oxon; New York, N.Y: Routledge; 2007. 448 p.  

5.  Pate RR, Davis MG, Robinson TN, Stone EJ, McKenzie TL, 

Young JC. Promoting Physical Activity in Children and Youth A 

Leadership Role for Schools: A Scientific Statement From the 

American Heart Association Council on Nutrition, Physical 

Activity, and Metabolism (Physical Activity Committee) in 

Collaboration With the Councils on Cardiovascular Disease in the 

Young and Cardiovascular Nursing. Circulation. 2006 Sep 

12;114(11):1214–24.  

6.  Mahar MT, Murphy SK, Rowe DA, Golden J, Shields AT, 

Raedeke TD. Effects of a classroom-based program on physical 

activity and on-task behavior. Med Sci Sports Exerc. 2006 

Dec;38(12):2086–94.  

7.  Trudeau F, Shephard RJ. Physical education, school physical 

activity, school sports and academic performance. Int J Behav Nutr 

Phys Act. 2008;5:10.  

8.  Institute of Medicine (US) Committee on Prevention of 

Obesity in Children and Youth. Preventing Childhood Obesity: 

Health in the Balance [Internet]. Koplan JP, Liverman CT, Kraak 

VI, editors. Washington (DC): National Academies Press (US); 

2005 [cited 2016 Mar 25]. (The National Academies Collection: 

Reports funded by National Institutes of Health). Available from: 

http://www.ncbi.nlm.nih.gov/books/NBK83825/ 

9.  World Health Organization (WHO). Global Strategy on 

Diet, Physical Activity and Health [Internet]. 2004 [cited 2016 Mar 

25]. Available from: 

http://www.who.int/dietphysicalactivity/strategy/eb11344/en/ 



 

 150 

10.  Harrell JS, McMurray RG, Bangdiwala SI, Frauman AC, 

Gansky SA, Bradley CB. Effects of a school-based intervention to 

reduce cardiovascular disease risk factors in elementary-school 

children: the Cardiovascular Health in Children (CHIC) study. J 

Pediatr. 1996 Jun;128(6):797–805.  

11.  McKenzie TL, Nader PR, Strikmiller PK, Yang M, Stone 

EJ, Perry CL, et al. School physical education: effect of the Child 

and Adolescent Trial for Cardiovascular Health. Prev Med. 1996 

Aug;25(4):423–31.  

12.  Harrell JS, Gansky SA, McMurray RG, Bangdiwala SI, 

Frauman AC, Bradley CB. School-based interventions improve 

heart health in children with multiple cardiovascular disease risk 

factors. Pediatrics. 1998 Aug;102(2 Pt 1):371–80.  

13.  Sallis J, Taylor W, Dowda M, Freedson P, Pate R. 

Correlates of Vigorous Physical Activity for Children in Grades 1 

Through 12: Comparing Parent-Reported and Objectively Measured 

Physical Activity. Pediatr Exerc Sci. 2002 Feb 1;14:30–44.  

14.  Ramstetter CL, Murray R, Garner AS. The crucial role of 

recess in schools. J Sch Health. 2010 Nov;80(11):517–26.  

15.  Ridgers ND, Stratton G, Fairclough SJ. Physical activity 

levels of children during school playtime. Sports Med Auckl NZ. 

2006;36(4):359–71.  

16.  McKenzie TL, Sallis JF, Elder JP, Berry CC, Hoy PL, Nader 

PR, et al. Physical activity levels and prompts in young children at 

recess: a two-year study of a bi-ethnic sample. Res Q Exerc Sport. 

1997 Sep;68(3):195–202.  

17.  Brown WH, Pfeiffer KA, McIver KL, Dowda M, Addy CL, 

Pate RR. Social and Environmental Factors Associated with 

Preschoolers’ Non-sedentary Physical Activity. Child Dev. 

2009;80(1):45–58.  

18.  Cardon G, Labarque V, Smits D, De Bourdeaudhuij I. 

Promoting physical activity at the pre-school playground: the 

effects of providing markings and play equipment. Prev Med. 2009 

Apr;48(4):335–40.  

19.  Hannon JC, Brown BB. Increasing preschoolers’ physical 

activity intensities: an activity-friendly preschool playground 

intervention. Prev Med. 2008 Jun;46(6):532–6.  

20.  Cleland V, Timperio A, Salmon J, Hume C, Baur LA, 

Crawford D. Predictors of time spent outdoors among children: 5-

year longitudinal findings. J Epidemiol Community Health. 2010 

May;64(5):400–6.  



 

 151 

21.  Veitch J, Salmon J, Ball K. Individual, social and physical 

environmental correlates of children’s active free-play: a cross-

sectional study. Int J Behav Nutr Phys Act. 2010;7:11.  

22.  Davison KK, Werder JL, Lawson CT. Children’s Active 

Commuting to School: Current Knowledge and Future Directions. 

Prev Chronic Dis [Internet]. 2008 Jun 15 [cited 2016 Mar 25];5(3). 

Available from: 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2483568/ 

23.  Santaliestra-Pasías AM, Mouratidou T, Verbestel V, 

Bammann K, Molnar D, Sieri S, et al. Physical activity and 

sedentary behaviour in European children: the IDEFICS study. 

Public Health Nutr. 2013 Oct 8;1–12.  

24.  Lambiase MJ, Barry HM, Roemmich JN. Effect of a 

simulated active commute to school on cardiovascular stress 

reactivity. Med Sci Sports Exerc. 2010 Aug;42(8):1609–16.  

25.  Martínez-Gómez D, Ruiz JR, Gómez-Martínez S, Chillón P, 

Rey-López JP, Díaz LE, et al. Active commuting to school and 

cognitive performance in adolescents: the AVENA study. Arch 

Pediatr Adolesc Med. 2011 Apr;165(4):300–5.  

26.  Wijtzes AI, Bouthoorn SH, Jansen W, Franco OH, Hofman 

A, Jaddoe VW, et al. Sedentary behaviors, physical activity 

behaviors, and body fat in 6-year-old children: the generation R 

study. Int J Behav Nutr Phys Act. 2014;11:96.  

27.  De Meester A, Aelterman N, Cardon G, De Bourdeaudhuij I, 

Haerens L. Extracurricular school-based sports as a motivating 

vehicle for sports participation in youth: a cross-sectional study. Int 

J Behav Nutr Phys Act. 2014;11:48.  

28.  Zimmermann-Sloutskis D, Wanner M, Zimmermann E, 

Martin BW. Physical activity levels and determinants of change in 

young adults: a longitudinal panel study. Int J Behav Nutr Phys Act. 

2010;7:2.  

29.  Fraser-Thomas JL, Cote J, Deakin J. Youth Sport Programs: 

An Avenue to Foster Positive Youth Development. Phys Educ Sport 

Pedagogy. 2005 Feb;10(1):19–40.  

30.  Vella SA, Cliff DP, Magee CA, Okely AD. Sports 

participation and parent-reported health-related quality of life in 

children: longitudinal associations. J Pediatr. 2014 

Jun;164(6):1469–74.  

31.  Eime RM, Young JA, Harvey JT, Charity MJ, Payne WR. A 

systematic review of the psychological and social benefits of 

participation in sport for children and adolescents: informing 



 

 152 

development of a conceptual model of health through sport. Int J 

Behav Nutr Phys Act. 2013 Aug 15;10:98.  

32.  Drobnic, Franchek (Coord.); García, Àngels; Roig, Marc; 

Gabaldón, Sabel; Torralba, Francesc; Cañada, David; González-, 

Gross, Marcela; Román, Blanca; Guerra, Myriam; Segura, Saioa; 

Álvaro, Montserrat; Til, Luis; Ullot, Rossend;, Esteve, Isidre; Prat, 

Fortià. L’activitat física millora l’aprenentatge i el rendiment 

escolar. Els beneficis de l’exercici en la salut integral del nen a 

nivell físic, mental i en la generació de valors. Esplugues de 

Llobregat (Barcelona): Hospital Sant Joan de Déu.; 2013.  

33.  World Health Organization (WHO). Physical activity 

strategy for the WHO European Region 2016–2025.  

34.  Katzmarzyk PT. Physical Activity, Sedentary Behavior, and 

Health: Paradigm Paralysis or Paradigm Shift? Diabetes. 2010 

Nov;59(11):2717–25.  

35.  Vaynman S, Gomez-Pinilla F. Revenge of the “sit”: how 

lifestyle impacts neuronal and cognitive health through molecular 

systems that interface energy metabolism with neuronal plasticity. J 

Neurosci Res. 2006 Sep;84(4):699–715.  

36.  Álvarez JEC. El mono obeso: La evolución humana y las 

enfermedades de la opulencia: obesidad, diabetes, ... Grupo Planeta 

Spain; 2012. 232 p.  

37.  Taylor RW, Murdoch L, Carter P, Gerrard DF, Williams 

SM, Taylor BJ. Longitudinal study of physical activity and 

inactivity in preschoolers: the FLAME study. Med Sci Sports 

Exerc. 2009 Jan;41(1):96–102.  

38.  Basterfield L, Adamson AJ, Frary JK, Parkinson KN, Pearce 

MS, Reilly JJ, et al. Longitudinal study of physical activity and 

sedentary behavior in children. Pediatrics. 2011 Jan;127(1):e24–30.  

39.  Riddoch CJ, Leary SD, Ness AR, Blair SN, Deere K, 

Mattocks C, et al. Prospective associations between objective 

measures of physical activity and fat mass in 12-14 year old 

children: the Avon Longitudinal Study of Parents and Children 

(ALSPAC). BMJ. 2009;339:b4544.  

40.  Ortega FB, Konstabel K, Pasquali E, Ruiz JR, Hurtig-

Wennlöf A, Mäestu J, et al. Objectively measured physical activity 

and sedentary time during childhood, adolescence and young 

adulthood: a cohort study. PloS One. 2013;8(4):e60871.  

41.  Burdette HL, Whitaker RC. Resurrecting free play in young 

children: looking beyond fitness and fatness to attention, affiliation, 

and affect. Arch Pediatr Adolesc Med. 2005 Jan;159(1):46–50.  



 

 153 

42.  Beets MW, Bornstein D, Dowda M, Pate RR. Compliance 

with national guidelines for physical activity in U.S. preschoolers: 

measurement and interpretation. Pediatrics. 2011 Apr;127(4):658–

64.  

43.  American Academy of Pediatrics. Committee on Public 

Education. American Academy of Pediatrics: Children, adolescents, 

and television. Pediatrics. 2001 Feb;107(2):423–6.  

44.  Laguna M, Ruiz JR, Gallardo C, García-Pastor T, Lara M-T, 

Aznar S. Obesity and physical activity patterns in children and 

adolescents. J Paediatr Child Health. 2013 Nov;49(11):942–9.  

45.  Verloigne M, Van Lippevelde W, Maes L, Yıldırım M, 

Chinapaw M, Manios Y, et al. Levels of physical activity and 

sedentary time among 10- to 12-year-old boys and girls across 5 

European countries using accelerometers: an observational study 

within the ENERGY-project. Int J Behav Nutr Phys Act. 2012;9:34.  

46.  Marshall SJ, Biddle SJH, Gorely T, Cameron N, Murdey I. 

Relationships between media use, body fatness and physical activity 

in children and youth: a meta-analysis. Int J Obes Relat Metab 

Disord J Int Assoc Study Obes. 2004 Oct;28(10):1238–46.  

47.  Salmon J, Dunstan D, Owen N. Should we be concerned 

about children spending extended periods of time in sedentary 

pursuits even among the highly active? Int J Pediatr Obes IJPO Off 

J Int Assoc Study Obes. 2008;3(2):66–8.  

48.  Ekelund U, Brage S, Froberg K, Harro M, Anderssen SA, 

Sardinha LB, et al. TV viewing and physical activity are 

independently associated with metabolic risk in children: the 

European Youth Heart Study. PLoS Med. 2006 Dec;3(12):e488.  

49.  Sirard JR, Pate RR. Physical activity assessment in children 

and adolescents. Sports Med Auckl NZ. 2001;31(6):439–54.  

50.  Tudor-Locke CE, Myers AM. Methodological 

considerations for researchers and practitioners using pedometers to 

measure physical (ambulatory) activity. Res Q Exerc Sport. 2001 

Mar;72(1):1–12.  

51.  Welk GJ, Differding JA, Thompson RW, Blair SN, Dziura J, 

Hart P. The utility of the Digi-walker step counter to assess daily 

physical activity patterns. Med Sci Sports Exerc. 2000 Sep;32(9 

Suppl):S481–8.  

52.  Rowlands AV. Accelerometer assessment of physical 

activity in children: an update. Pediatr Exerc Sci. 2007 

Aug;19(3):252–66.  

53.  Aggio D, Smith L, Fisher A, Hamer M. Context-Specific 



 

 154 

Associations of Physical Activity and Sedentary Behavior With 

Cognition in Children. Am J Epidemiol. 2016 May 

24;183(12):1075–82.  

54.  Verbestel V, De Henauw S, Bammann K, Barba G, 

Hadjigeorgiou C, Eiben G, et al. Are context-specific measures of 

parental-reported physical activity and sedentary behaviour 

associated with accelerometer data in 2-9-year-old European 

children? Public Health Nutr. 2015 Apr;18(5):860–8.  

55.  Dollman J, Okely AD, Hardy L, Timperio A, Salmon J, 

Hills AP. A hitchhiker’s guide to assessing young people’s physical 

activity: Deciding what method to use. J Sci Med Sport Sports Med 

Aust. 2009 Sep;12(5):518–25.  

56.  Chaddock L, Pontifex MB, Hillman CH, Kramer AF. A 

Review of the Relation of Aerobic Fitness and Physical Activity to 

Brain Structure and Function in Children. J Int Neuropsychol Soc. 

2011 Nov;17(06):975–85.  

57.  Dlugosz EM, Chappell MA, Meek TH, Szafrańska PA, Zub 

K, Konarzewski M, et al. Phylogenetic analysis of mammalian 

maximal oxygen consumption during exercise. J Exp Biol. 2013 

Dec 15;216(24):4712–21.  

58.  Hillman CH, Kamijo K, Scudder M. A review of chronic 

and acute physical activity participation on neuroelectric measures 

of brain health and cognition during childhood. Prev Med. 2011 

Jun;52 Suppl 1:S21–8.  

59.  Best JR. Effects of Physical Activity on Children’s 

Executive Function: Contributions of Experimental Research on 

Aerobic Exercise. Dev Rev DR. 2010 Dec;30(4):331–551.  

60.  Diamond A. Executive Functions. Annu Rev Psychol. 

2013;64:135–68.  

61.  Best JR, Miller PH. A developmental perspective on 

executive function. Child Dev. 2010 Dec;81(6):1641–60.  

62.  Gathercole SE, Pickering SJ, Knight C, Stegmann Z. 

Working memory skills and educational attainment: evidence from 

national curriculum assessments at 7 and 14 years of age. Appl 

Cogn Psychol. 2004 Jan 1;18(1):1–16.  

63.  Dumontheil I, Klingberg T. Brain Activity during a 

Visuospatial Working Memory Task Predicts Arithmetical 

Performance 2 Years Later. Cereb Cortex. 2011 Jul 18;bhr175.  

64.  Vuontela V, Carlson S, Troberg A-M, Fontell T, Simola P, 

Saarinen S, et al. Working memory, attention, inhibition, and their 

relation to adaptive functioning and behavioral/emotional symptoms 



 

 155 

in school-aged children. Child Psychiatry Hum Dev. 2013 

Feb;44(1):105–22.  

65.  Stuss DT, Alexander MP. Executive functions and the 

frontal lobes: a conceptual view. Psychol Res. 2000;63(3-4):289–

98.  

66.  Anderson P. Assessment and development of executive 

function (EF) during childhood. Child Neuropsychol J Norm 

Abnorm Dev Child Adolesc. 2002 Jun;8(2):71–82.  

67.  Miyake A, Friedman NP, Emerson MJ, Witzki AH, 

Howerter A, Wager TD. The unity and diversity of executive 

functions and their contributions to complex “Frontal Lobe” tasks: a 

latent variable analysis. Cognit Psychol. 2000 Aug;41(1):49–100.  

68.  Baddeley AD. Working Memory. Clarendon Press; 1987. 

306 p.  

69.  Hudspeth WJ, Pribram KH. Stages of brain and cognitive 

maturation. J Educ Psychol. 1990;82(4):881–4.  

70.  Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu 

H, Zijdenbos A, et al. Brain development during childhood and 

adolescence: a longitudinal MRI study. Nat Neurosci. 1999 

Oct;2(10):861–3.  

71.  Dyck MJ, Piek JP. Developmental delays in children with 

ADHD. J Atten Disord. 2014 Jul;18(5):466–78.  

72.  Shaw P, Eckstrand K, Sharp W, Blumenthal J, Lerch JP, 

Greenstein D, et al. Attention-deficit/hyperactivity disorder is 

characterized by a delay in cortical maturation. Proc Natl Acad Sci 

U S A. 2007 Dec 4;104(49):19649–54.  

73.  Polanczyk G, de Lima MS, Horta BL, Biederman J, Rohde 

LA. The worldwide prevalence of ADHD: a systematic review and 

metaregression analysis. Am J Psychiatry. 2007 Jun;164(6):942–8.  

74.  Biederman J, Faraone SV. The effects of attention-

deficit/hyperactivity disorder on employment and household 

income. MedGenMed Medscape Gen Med. 2006;8(3):12.  

75.  Siegel LS. Working Memory and Reading: A Life-span 

Perspective. Int J Behav Dev. 1994 Mar 1;17(1):109–24.  

76.  Belacchi C, Carretti B, Cornoldi C. The role of working 

memory and updating in Coloured Raven Matrices performance in 

typically developing children. Eur J Cogn Psychol. 2010 Nov 

1;22(7):1010–20.  

77.  Huizinga M, Dolan CV, van der Molen MW. Age-related 

change in executive function: developmental trends and a latent 

variable analysis. Neuropsychologia. 2006;44(11):2017–36.  



 

 156 

78.  Lendínez C, Pelegrina S, Lechuga MT. Age differences in 

working memory updating: the role of interference, focus switching 

and substituting information. Acta Psychol (Amst). 2015 

May;157:106–13.  

79.  Schleepen TMJ, Jonkman LM. The development of non-

spatial working memory capacity during childhood and adolescence 

and the role of interference control: an N-Back task study. Dev 

Neuropsychol. 2010;35(1):37–56.  

80.  Bayliss DM, Jarrold C, Baddeley AD, Gunn DM, Leigh E. 

Mapping the developmental constraints on working memory span 

performance. Dev Psychol. 2005 Jul;41(4):579–97.  

81.  Pelegrina S, Lechuga MT, García-Madruga JA, Elosúa MR, 

Macizo P, Carreiras M, et al. Normative data on the n-back task for 

children and young adolescents. Front Psychol. 2015;1544.  

82.  Li S-C, Lindenberger U, Hommel B, Aschersleben G, Prinz 

W, Baltes PB. Transformations in the couplings among intellectual 

abilities and constituent cognitive processes across the life span. 

Psychol Sci. 2004 Mar;15(3):155–63.  

83.  Williams BR, Hultsch DF, Strauss EH, Hunter MA, 

Tannock R. Inconsistency in reaction time across the life span. 

Neuropsychology. 2005 Jan;19(1):88–96.  

84.  Halperin JM, Trampush JW, Miller CJ, Marks DJ, Newcorn 

JH. Neuropsychological outcome in adolescents/young adults with 

childhood ADHD: profiles of persisters, remitters and controls. J 

Child Psychol Psychiatry. 2008 Sep;49(9):958–66.  

85.  Epstein JN, Erkanli A, Conners CK, Klaric J, Costello JE, 

Angold A. Relations between Continuous Performance Test 

performance measures and ADHD behaviors. J Abnorm Child 

Psychol. 2003 Oct;31(5):543–54.  

86.  Castellanos FX, Sonuga-Barke EJS, Scheres A, Di Martino 

A, Hyde C, Walters JR. Varieties of attention-deficit/hyperactivity 

disorder-related intra-individual variability. Biol Psychiatry. 2005 

Jun 1;57(11):1416–23.  

87.  Wu C-T, Pontifex MB, Raine LB, Chaddock L, Voss MW, 

Kramer AF, et al. Aerobic fitness and response variability in 

preadolescent children performing a cognitive control task. 

Neuropsychology. 2011 May;25(3):333–41.  

88.  Youngstrom E, S. LaKind J, Kenworthy L, Lipkin PH, 

Goodman M, Squibb K, et al. Advancing the Selection of 

Neurodevelopmental Measures in Epidemiological Studies of 

Environmental Chemical Exposure and Health Effects. Int J 



 

 157 

Environ Res Public Health. 2010 Jan 19;7(1):229–68.  

89.  Werner EE, Bayley N. The Reliability of Bayley’s Revised 

Scale of Mental and Motor Development during the First Year of 

Life. Child Dev. 1966;37(1):39–50.  

90.  McCarthy D. Manual for the McCarthy Scales of Children’s 

Abilities. New York: Psychological Corp; 1972.  

91.  Tomporowski PD, Davis CL, Miller PH, Naglieri JA. 

Exercise and Children’s Intelligence, Cognition, and Academic 

Achievement. Educ Psychol Rev. 2008 Jun 1;20(2):111–31.  

92.  Letz R. Use of computerized test batteries for quantifying 

neurobehavioral outcomes. Environ Health Perspect. 1991 

Jan;90:195–8.  

93.  Harris MH, Gold DR, Rifas-Shiman SL, Melly SJ, Zanobetti 

A, Coull BA, et al. Prenatal and childhood traffic-related air 

pollution exposure and childhood executive function and behavior. 

Neurotoxicol Teratol [Internet]. [cited 2016 Aug 12]; Available 

from: 

http://www.sciencedirect.com/science/article/pii/S08920362163006

42 

94.  Herculano-Houzel S. The remarkable, yet not extraordinary, 

human brain as a scaled-up primate brain and its associated cost. 

Proc Natl Acad Sci. 2012 Jun 26;109(Supplement 1):10661–8.  

95.  Herculano-Houzel S. Scaling of Brain Metabolism with a 

Fixed Energy Budget per Neuron: Implications for Neuronal 

Activity, Plasticity and Evolution. PLOS ONE. 2011 Mar 

1;6(3):e17514.  

96.  Wrangham R. Catching Fire: How Cooking Made Us 

Human. Edición: 1. New York: Basic Books; 2009. 320 p.  

97.  Koob A. The Root of Thought: Unlocking Glia--the Brain 

Cell That Will Help Us Sharpen Our Wits, Heal Injury, and Treat 

Brain Disease. 1 edition. Upper Saddle River, N.J: Pearson FT 

Press; 2009. 192 p.  

98.  Purves D, Fitzpatrick D, Katz LC, Lamantia A-S, 

McNamara JO, Williams SM, et al. Neuroscience. Sinauer 

Associates; 2001. 681 p.  

99.  Van Essen DC. 4.16 - Cerebral Cortical Folding Patterns in 

Primates: Why They Vary and What They Signify A2  - Kaas, Jon 

H. In: Evolution of Nervous Systems [Internet]. Oxford: Academic 

Press; 2007 [cited 2016 Mar 26]. p. 267–76. Available from: 

http://www.sciencedirect.com/science/article/pii/B01237087880034

4X 



 

 158 

100.  Orban GA, Claeys K, Nelissen K, Smans R, Sunaert S, Todd 

JT, et al. Mapping the parietal cortex of human and non-human 

primates. Neuropsychologia. 2006;44(13):2647–67.  

101.  Rilling JK, Insel TR. The primate neocortex in comparative 

perspective using magnetic resonance imaging. J Hum Evol. 1999 

Aug;37(2):191–223.  

102.  Gazzaniga MS, editor. The Cognitive Neurosciences III. 

third edition edition. Cambridge, Mass: A Bradford Book; 2004. 

1399 p.  

103.  Stephan H, Frahm H, Baron G. New and revised data on 

volumes of brain structures in insectivores and primates. Folia 

Primatol Int J Primatol. 1981;35(1):1–29.  

104.  Holloway RL, Broadfield DC, Yuan MS, Schwartz JH, 

Tattersall I. The Human Fossil Record, Brain Endocasts: The 

Paleoneurological Evidence, Volume 3. Volume 3 edition. New 

York: Wiley-Liss; 2004. 315 p.  

105.  Armstrong E, Falk D. Primate Brain Evolution: Methods and 

Concepts. Springer Science & Business Media; 2012. 333 p.  

106.  Leiner HC, Leiner AL, Dow RS. Cognitive and language 

functions of the human cerebellum. Trends Neurosci. 1993 

Nov;16(11):444–7.  

107.  Corballis MC. The Lopsided Ape: Evolution of the 

Generative Mind. New York: Oxford University Press; 1993. 384 p.  

108.  Shariff GA. Cell counts in the primate cerebral cortex. J 

Comp Neurol. 1953 Jun;98(3):381–400.  

109.  Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, 

Vaituzis AC, et al. Dynamic mapping of human cortical 

development during childhood through early adulthood. Proc Natl 

Acad Sci U S A. 2004 May 25;101(21):8174–9.  

110.  Bartzokis G, Beckson M, Lu PH, Nuechterlein KH, Edwards 

N, Mintz J. Age-related changes in frontal and temporal lobe 

volumes in men: a magnetic resonance imaging study. Arch Gen 

Psychiatry. 2001 May;58(5):461–5.  

111.  Benes FM, Turtle M, Khan Y, Farol P. Myelination of a key 

relay zone in the hippocampal formation occurs in the human brain 

during childhood, adolescence, and adulthood. Arch Gen 

Psychiatry. 1994 Jun;51(6):477–84.  

112.  Huttenlocher PR. Synaptic density in human frontal cortex - 

developmental changes and effects of aging. Brain Res. 1979 Mar 

16;163(2):195–205.  

113.  Morrison JH, Hof PR. Life and death of neurons in the aging 



 

 159 

brain. Science. 1997 Oct 17;278(5337):412–9.  

114.  Bourgeois JP, Goldman-Rakic PS, Rakic P. Synaptogenesis 

in the prefrontal cortex of rhesus monkeys. Cereb Cortex N Y N 

1991. 1994 Feb;4(1):78–96.  

115.  Rakic P, Bourgeois JP, Goldman-Rakic PS. Synaptic 

development of the cerebral cortex: implications for learning, 

memory, and mental illness. Prog Brain Res. 1994;102:227–43.  

116.  Schnack HG, van Haren NEM, Brouwer RM, Evans A, 

Durston S, Boomsma DI, et al. Changes in thickness and surface 

area of the human cortex and their relationship with intelligence. 

Cereb Cortex N Y N 1991. 2015 Jun;25(6):1608–17.  

117.  Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, 

Kamitaki N, et al. Schizophrenia risk from complex variation of 

complement component 4. Nature [Internet]. 2016 Jan 27 [cited 

2016 Jan 28]; Available from: 

http://www.nature.com/doifinder/10.1038/nature16549 

118.  Campbell DW, Eaton WO, McKeen NA. Motor activity 

level and behavioural control in young children. Int J Behav Dev. 

2002 Jul 1;26(4):289–96.  

119.  Castelli DM, Hillman CH, Buck SM, Erwin HE. Physical 

fitness and academic achievement in third- and fifth-grade students. 

J Sport Exerc Psychol. 2007 Apr;29(2):239–52.  

120.  Eveland-Sayers BM, Farley RS, Fuller DK, Morgan DW, 

Caputo JL. Physical fitness and academic achievement in 

elementary school children. J Phys Act Health. 2009 Jan;6(1):99–

104.  

121.  Bass RW, Brown DD, Laurson KR, Coleman MM. Physical 

fitness and academic performance in middle school students. Acta 

Paediatr Oslo Nor 1992. 2013 Aug;102(8):832–7.  

122.  Raine LB, Lee HK, Saliba BJ, Chaddock-Heyman L, 

Hillman CH, Kramer AF. The influence of childhood aerobic 

fitness on learning and memory. PloS One. 2013;8(9):e72666.  

123.  Van Dijk ML, De Groot RHM, Van Acker F, Savelberg 

HHCM, Kirschner PA. Active commuting to school, cognitive 

performance, and academic achievement: an observational study in 

Dutch adolescents using accelerometers. BMC Public Health. 

2014;14:799.  

124.  Syväoja HJ, Tammelin TH, Ahonen T, Kankaanpää A, 

Kantomaa MT. The associations of objectively measured physical 

activity and sedentary time with cognitive functions in school-aged 

children. PloS One. 2014;9(7):e103559.  



 

 160 

125.  Vanhelst J, Béghin L, Duhamel A, Manios Y, Molnar D, 

Henauw SD, et al. Physical Activity Is Associated with Attention 

Capacity in Adolescents. J Pediatr. 2016 Jan 1;168:126–31.e2.  

126.  Kamijo K, Pontifex MB, O’Leary KC, Scudder MR, Wu C-

T, Castelli DM, et al. The effects of an afterschool physical activity 

program on working memory in preadolescent children. Dev Sci. 

2011 Sep;14(5):1046–58.  

127.  Berwid OG, Halperin JM. Emerging support for a role of 

exercise in attention-deficit/hyperactivity disorder intervention 

planning. Curr Psychiatry Rep. 2012 Oct;14(5):543–51.  

128.  Ellemberg D, St-Louis-Deschênes M. The effect of acute 

physical exercise on cognitive function during development. 

Psychol Sport Exerc. 2010 Mar;11(2):122–6.  

129.  Caterino MC, Polak ED. Effects of two types of activity on 

the performance of second-, third-, and fourth-grade students on a 

test of concentration. Percept Mot Skills. 1999 Aug;89(1):245–8.  

130.  London RA, Castrechini S. A longitudinal examination of 

the link between youth physical fitness and academic achievement. 

J Sch Health. 2011 Jul;81(7):400–8.  

131.  Chaddock L, Hillman CH, Pontifex MB, Johnson CR, Raine 

LB, Kramer AF. Childhood aerobic fitness predicts cognitive 

performance one year later. J Sports Sci. 2012;30(5):421–30.  

132.  Hillman CH, Erickson KI, Kramer AF. Be smart, exercise 

your heart: exercise effects on brain and cognition. Nat Rev 

Neurosci. 2008 Jan;9(1):58–65.  

133.  Etnier JL, Salazar W, Landers, Daniel M., Petruzzello SJ, 

Han M, Nowell P. The influence of physical fitness and exercise 

upon cognitive functioning: a meta-analysis. J Sport Exerc Psychol. 

1997;19:249–77.  

134.  Sibley BA, Etnier JL. The relationship between physical 

activity and cognition in children. Pediatr Exerc Sci [Internet]. 2003 

[cited 2016 Jan 11];15(3). Available from: 

https://uncg.pure.elsevier.com/en/publications/the-relationship-

between-physical-activity-and-cognition-in-child 

135.  Barenberg J, Berse T, Dutke S. Executive functions in 

learning processes: Do they benefit from physical activity? Educ 

Res Rev. 2011;6(3):208–22.  

136.  Khan NA, Hillman CH. The relation of childhood physical 

activity and aerobic fitness to brain function and cognition: a 

review. Pediatr Exerc Sci. 2014 May;26(2):138–46.  

137.  Carson V, Hunter S, Kuzik N, Wiebe SA, Spence JC, 



 

 161 

Friedman A, et al. Systematic review of physical activity and 

cognitive development in early childhood. J Sci Med Sport 

[Internet]. [cited 2015 Sep 15];0(0). Available from: 

http://www.jsams.org/article/S1440244015001462/abstract 

138.  Voss MW, Carr LJ, Clark R, Weng T. Revenge of the “sit” 

II: Does lifestyle impact neuronal and cognitive health through 

distinct mechanisms associated with sedentary behavior and 

physical activity? Ment Health Phys Act. 2014 Mar;7(1):9–24.  

139.  Goldberg JS, Hirschi KK. A Vascular Perspective on 

Neurogenesis. In: Bonfanti L, editor. Neural Stem Cells - New 

Perspectives [Internet]. InTech; 2013 [cited 2016 Apr 4]. Available 

from: http://www.intechopen.com/books/neural-stem-cells-new-

perspectives/a-vascular-perspective-on-neurogenesis 

140.  van Praag H, Christie BR, Sejnowski TJ, Gage FH. Running 

enhances neurogenesis, learning, and long-term potentiation in 

mice. Proc Natl Acad Sci U S A. 1999 Nov 9;96(23):13427–31.  

141.  Stranahan AM, Khalil D, Gould E. Social isolation delays 

the positive effects of running on adult neurogenesis. Nat Neurosci. 

2006 Apr;9(4):526–33.  

142.  Lledo P-M, Alonso M, Grubb MS. Adult neurogenesis and 

functional plasticity in neuronal circuits. Nat Rev Neurosci. 2006 

Mar;7(3):179–93.  

143.  van Praag H, Kempermann G, Gage FH. Running increases 

cell proliferation and neurogenesis in the adult mouse dentate gyrus. 

Nat Neurosci. 1999 Mar;2(3):266–70.  

144.  van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, 

Gage FH. Functional neurogenesis in the adult hippocampus. 

Nature. 2002 Feb 28;415(6875):1030–4.  

145.  Voss MW, Vivar C, Kramer AF, van Praag H. Bridging 

animal and human models of exercise-induced brain plasticity. 

Trends Cogn Sci. 2013 Oct;17(10):525–44.  

146.  Cirillo J, Lavender AP, Ridding MC, Semmler JG. Motor 

cortex plasticity induced by paired associative stimulation is 

enhanced in physically active individuals. J Physiol. 2009 Dec 

15;587(Pt 24):5831–42.  

147.  Vaynman S, Ying Z, Gomez-Pinilla F. Hippocampal BDNF 

mediates the efficacy of exercise on synaptic plasticity and 

cognition. Eur J Neurosci. 2004 Nov;20(10):2580–90.  

148.  Leckie RL, Oberlin LE, Voss MW, Prakash RS, Szabo-Reed 

A, Chaddock-Heyman L, et al. BDNF mediates improvements in 

executive function following a 1-year exercise intervention. Front 



 

 162 

Hum Neurosci. 2014;8:985.  

149.  Szostak J, Laurant P. The forgotten face of regular physical 

exercise: a “natural” anti-atherogenic activity. Clin Sci Lond Engl 

1979. 2011 Aug;121(3):91–106.  

150.  Pereira AC, Huddleston DE, Brickman AM, Sosunov AA, 

Hen R, McKhann GM, et al. An in vivo correlate of exercise-

induced neurogenesis in the adult dentate gyrus. Proc Natl Acad Sci 

U S A. 2007 Mar 27;104(13):5638–43.  

151.  Ekkekakis P, editor. Routledge Handbook of Physical 

Activity and Mental Health. London; New York: Routledge; 2015. 

600 p.  

152.  Goldman SA, Chen Z. Perivascular instruction of cell 

genesis and fate in the adult brain. Nat Neurosci. 2011 

Nov;14(11):1382–9.  

153.  Ding Y-H, Li J, Zhou Y, Rafols JA, Clark JC, Ding Y. 

Cerebral angiogenesis and expression of angiogenic factors in aging 

rats after exercise. Curr Neurovasc Res. 2006 Feb;3(1):15–23.  

154.  Ekstrand J, Hellsten J, Tingström A. Environmental 

enrichment, exercise and corticosterone affect endothelial cell 

proliferation in adult rat hippocampus and prefrontal cortex. 

Neurosci Lett. 2008 Sep 19;442(3):203–7.  

155.  Stranahan AM, Lee K, Mattson MP. Central Mechanisms of 

HPA axis Regulation by Voluntary Exercise. Neuromolecular Med. 

2008;10(2):118–27.  

156.  Morimoto M, Morita N, Ozawa H, Yokoyama K, Kawata M. 

Distribution of glucocorticoid receptor immunoreactivity and 

mRNA in the rat brain: an immunohistochemical and in situ 

hybridization study. Neurosci Res. 1996 Nov;26(3):235–69.  

157.  Petersen AMW, Pedersen BK. The anti-inflammatory effect 

of exercise. J Appl Physiol Bethesda Md 1985. 2005 

Apr;98(4):1154–62.  

158.  Droste SK, Gesing A, Ulbricht S, Müller MB, Linthorst 

ACE, Reul JMHM. Effects of long-term voluntary exercise on the 

mouse hypothalamic-pituitary-adrenocortical axis. Endocrinology. 

2003 Jul;144(7):3012–23.  

159.  Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, 

Chaddock L, et al. Exercise training increases size of hippocampus 

and improves memory. Proc Natl Acad Sci U S A. 2011 Feb 

15;108(7):3017–22.  

160.  Colcombe SJ, Erickson KI, Scalf PE, Kim JS, Prakash R, 

McAuley E, et al. Aerobic exercise training increases brain volume 



 

 163 

in aging humans. J Gerontol A Biol Sci Med Sci. 2006 

Nov;61(11):1166–70.  

161.  Johnson NF, Kim C, Clasey JL, Bailey A, Gold BT. 

Cardiorespiratory fitness is positively correlated with cerebral white 

matter integrity in healthy seniors. NeuroImage. 2012 Jan 

16;59(2):1514–23.  

162.  Voss MW, Heo S, Prakash RS, Erickson KI, Alves H, 

Chaddock L, et al. The influence of aerobic fitness on cerebral 

white matter integrity and cognitive function in older adults: results 

of a one-year exercise intervention. Hum Brain Mapp. 2013 

Nov;34(11):2972–85.  

163.  Erickson KI, Raji CA, Lopez OL, Becker JT, Rosano C, 

Newman AB, et al. Physical activity predicts gray matter volume in 

late adulthood: the Cardiovascular Health Study. Neurology. 2010 

Oct 19;75(16):1415–22.  

164.  Chaddock L, Erickson KI, Prakash RS, Kim JS, Voss MW, 

Vanpatter M, et al. A neuroimaging investigation of the association 

between aerobic fitness, hippocampal volume, and memory 

performance in preadolescent children. Brain Res. 2010 Oct 

28;1358:172–83.  

165.  Herting MM, Nagel BJ. Aerobic fitness relates to learning 

on a virtual Morris Water Task and hippocampal volume in 

adolescents. Behav Brain Res. 2012 Aug 1;233(2):517–25.  

166.  Chaddock L, Erickson KI, Prakash RS, VanPatter M, Voss 

MW, Pontifex MB, et al. Basal ganglia volume is associated with 

aerobic fitness in preadolescent children. Dev Neurosci. 2010 

Aug;32(3):249–56.  

167.  Chaddock-Heyman L, Erickson KI, Kienzler C, King M, 

Pontifex MB, Raine LB, et al. The role of aerobic fitness in cortical 

thickness and mathematics achievement in preadolescent children. 

PloS One. 2015;10(8):e0134115.  

168.  Pontifex MB, Raine LB, Johnson CR, Chaddock L, Voss 

MW, Cohen NJ, et al. Cardiorespiratory fitness and the flexible 

modulation of cognitive control in preadolescent children. J Cogn 

Neurosci. 2011 Jun;23(6):1332–45.  

169.  Themanson JR, Hillman CH. Cardiorespiratory fitness and 

acute aerobic exercise effects on neuroelectric and behavioral 

measures of action monitoring. Neuroscience. 2006 Aug 

25;141(2):757–67.  

170.  Chaddock-Heyman L, Erickson KI, Voss MW, Knecht AM, 

Pontifex MB, Castelli DM, et al. The effects of physical activity on 



 

 164 

functional MRI activation associated with cognitive control in 

children: a randomized controlled intervention. Front Hum 

Neurosci. 2013;7:72.  

171.  Hayes SM, Hayes JP, Cadden M, Verfaellie M. A review of 

cardiorespiratory fitness-related neuroplasticity in the aging brain. 

Front Aging Neurosci. 2013;5:31.  

172.  Voss MW, Chaddock L, Kim JS, Vanpatter M, Pontifex 

MB, Raine LB, et al. Aerobic fitness is associated with greater 

efficiency of the network underlying cognitive control in 

preadolescent children. Neuroscience. 2011 Dec 29;199:166–76.  

173.  Colcombe SJ, Kramer AF, Erickson KI, Scalf P, McAuley 

E, Cohen NJ, et al. Cardiovascular fitness, cortical plasticity, and 

aging. Proc Natl Acad Sci U S A. 2004 Mar 2;101(9):3316–21.  

174.  Voss MW, Prakash RS, Erickson KI, Basak C, Chaddock L, 

Kim JS, et al. Plasticity of brain networks in a randomized 

intervention trial of exercise training in older adults. Front Aging 

Neurosci. 2010;2.  

175.  Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s 

default network: anatomy, function, and relevance to disease. Ann 

N Y Acad Sci. 2008 Mar;1124:1–38.  

176.  Ferreira LK, Busatto GF. Resting-state functional 

connectivity in normal brain aging. Neurosci Biobehav Rev. 2013 

Mar;37(3):384–400.  

177.  Fox MD, Greicius M. Clinical applications of resting state 

functional connectivity. Front Syst Neurosci. 2010;4:19.  

178.  Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, 

Kenna H, et al. Dissociable intrinsic connectivity networks for 

salience processing and executive control. J Neurosci Off J Soc 

Neurosci. 2007 Feb 28;27(9):2349–56.  

179.  Guxens M, Ballester F, Espada M, Fernández MF, Grimalt 

JO, Ibarluzea J, et al. Cohort Profile: the INMA--INfancia y Medio 

Ambiente--(Environment and Childhood) Project. Int J Epidemiol. 

2012 Aug;41(4):930–40.  

180.  Sunyer J, Esnaola M, Alvarez-Pedrerol M, Forns J, Rivas I, 

López-Vicente M, et al. Association between traffic-related air 

pollution in schools and cognitive development in primary school 

children: a prospective cohort study. PLoS Med. 2015 

Mar;12(3):e1001792.  

181.  Jaddoe VWV, van Duijn CM, Franco OH, van der Heijden 

AJ, van Iizendoorn MH, de Jongste JC, et al. The Generation R 

Study: design and cohort update 2012. Eur J Epidemiol. 2012 



 

 165 

Sep;27(9):739–56.  

182.  American Psychiatric Association. Manual Diagnóstico y 

Estadístico De Los Trastornos Mentales. Barcelona: Masson; 2002.  

183.  Gomez R. Testing gender differential item functioning for 

ordinal and binary scored parent rated ADHD symptoms. Personal 

Individ Differ. 2007 Mar;42(4):733–42.  

184.  Conners CK. Conners’ Continuous Performance Test II: 

Technical guide for software manual. New York: Multi-Health 

Systems; 2004.  

185.  Nelson CA, Monk CS, Lin J, Carver LJ, Thomas KM, 

Truwit CL. Functional neuroanatomy of spatial working memory in 

children. Dev Psychol. 2000 Jan;36(1):109–16.  

186.  Rueda MR, Fan J, McCandliss BD, Halparin JD, Gruber 

DB, Lercari LP, et al. Development of attentional networks in 

childhood. Neuropsychologia. 2004;42(8):1029–40.  

187.  Dale AM, Fischl B, Sereno MI. Cortical surface-based 

analysis. I. Segmentation and surface reconstruction. NeuroImage. 

1999 Feb;9(2):179–94.  

188.  Kail RV, Ferrer E. Processing speed in childhood and 

adolescence: longitudinal models for examining developmental 

change. Child Dev. 2007 Dec;78(6):1760–70.  

189.  Demetriou A, Spanoudis G, Shayer M. Developmental 

intelligence: From empirical to hidden constructs. Intelligence. 

2013 Sep;41(5):744–9.  

190.  Julvez J, Forns M, Ribas-Fitó N, Torrent M, Sunyer J. 

Attention behavior and hyperactivity and concurrent neurocognitive 

and social competence functioning in 4-year-olds from two 

population-based birth cohorts. Eur Psychiatry J Assoc Eur 

Psychiatr. 2011 Sep;26(6):381–9.  

191.  Ladd GW, Profilet SM. The Child Behavior Scale: A 

teacher-report measure of young children’s aggressive, withdrawn, 

and prosocial behaviors. Dev Psychol. 1996;32(6):1008–24.  

192.  Mollica CM, Maruff P, Collie A, Vance A. Repeated 

assessment of cognition in children and the measurement of 

performance change. Child Neuropsychol J Norm Abnorm Dev 

Child Adolesc. 2005 Jun;11(3):303–10.  
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 



 

 167 

GLOSSARY 
 

 

ACTH Adrenocorticotropic hormone 

ADHD Attention Deficit and Hyperactivity Disorder 

ANT Attentional Network Task 

BDNF Brain derived neurotrophic factor 

BOLD Blood oxygenation-level dependent 

CBF Cerebral blood flow 

CPT-II Continuous Performance Test (II) 

CRF Corticotropin-releasing factor 

DMN Default Mode Network 

DTI Diffusion Tensor Imaging 

ERN Error-related negativity 

ERP Event-related brain potential 

fMRI Functional Magnetic Resonance Imaging 

HPA Hypothalamic-pituitary-adrenal axis 

HRT Hit Reaction Time 

HRT-SE Hit Reaction Time (Standard Error) 

IGF-1 Insulin-like growth factor 

IIV Intra-individual variability 

MRI Magnetic Resonance Imaging 

mRNA Messenger Ribonucleic acid 

MVPA Moderate-to-vigorous-physical activity 

NO Nitric oxide 

PA Physical Activity 

PE Physical Education 

PVH Paraventricular nucleus of the hypothalamus 

SB Sedentary Behaviours 

SES Socioeconomic status 

TMS Transcranial Magnetic Stimulation 

VEGF Vascular endothelial growth factor 

WM Working Memory 
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ANNEX 
 

 

Apart from the original papers included in the present thesis, the 

PhD candidate has also published other papers as a co-author and, 

apart from INMA, BREATHE and Generation R, she has 

participated in other projects:  

 

Participation and collaboration in research projects 
 

 INMA (Infancia y Medio Ambiente) 

Role: Participation in neuropsychological testing 

coordination, protocol design, and data cleaning and 

processing. 

 

 BREATHE (Brain development and air pollution ultrafine 

particles in school children) 

Role: Neuropsychological testing protocol and 

questionnaires design, and fieldwork during 15 months 

consisting in four visits to the 39 schools for 

neuropsychological testing of the almost 3,000 participants. 

 

 GENERATION R 

Role: Data cleaning of the questionnaire about sports 

participation. 

 

 HELIX (The Human Early Life Exposome): Novel tools for 

integrating early-life environmental exposures and child 

health across Europe 

Role: Participation in neuropsychological testing 

coordination and protocol design; cleaning of raw 

neuropsychological data.  

 

 WALNUTS: Intervention study in adolescents 

Role: Participation in neuropsychological testing 

coordination and protocol; questionnaires design. 
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