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EFFECTS OF AN AEROBIC 
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ENGAGING INTERVENTION 
ON BRAIN ACTIVATION 
DURING A VISUOSPATIAL 
WORKING MEMORY TASK*
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CHAPTER 6

ABSTRACT

The effects of physical activity on children’s cognition and academic 
achievement are often explained by referring to changes in underlying brain 
activation. Different types of physical activity are thought to differently affect 
brain activation patterns. This study is the first to examine the effects of two 
14-week physical activity interventions (an aerobic physical activity intervention 
and a cognitively-engaging physical activity intervention) on primary school 
children’s brain activation during a visuospatial working memory task, using 
Functional Magnetic Resonance Imaging (fMRI). Data was collected from 92 
children (51.1% girls, mean age of 9.14 years). Children were tested before and 
after the interventions consisting of four lessons per week, which focused 
either on physical activity at a moderate-to-vigorous intensity level (aerobic), or 
physical activity including complex rules and movements (cognitively-engaging). 
Children in the control group followed their regular physical education program 
of two lessons per week. Mass univariate analysis did not reveal differences 
between the three groups in pretest-posttest changes in brain activation 
patterns. However, exploratory pattern analyses revealed pretest-posttest 
changes in brain activation that differed between the three groups, mainly 
consisting of activation differences in frontal, occipital, and parietal cortices.
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6.1 INTRODUCTION

The positive effects of physical activity on children’s cognition and academic 
achievement are often explained by referring to changes in underlying brain 
activation patterns (Best, 2010; Donnelly et al., 2016). Supporting this hypothesis, 
several studies have shown that children’s brain activation patterns change as a 
result of physical activity interventions. Interestingly, different types of physical 
activity are expected to result in different adaptations in the brain, because of 
different underlying mechanisms (Voelcker-Rehage & Niemann, 2013). Studies 
have not yet examined this assumption when looking at effects on children’s 
brain activation however. Regarding the important role that changes in brain 
activation play in explaining the effects of physical activity on cognition and 
academic achievement, it seems vital to get a better understanding of how 
different types of physical activity affect children’s brain activation patterns. This 
will greatly increase our understanding of the mechanisms that are underlying 
effects of physical activity on cognition and academic achievement.

6.1.1 PHYSIOLOGICAL MECHANISMS
Cognition entails a set of mental processes needed for perception, memory, 
and action, which include, amongst others, attention and executive functioning 
(Donnelly et al., 2016). Most of the studies examining effects of physical 
activity on cognition have provided evidence for the beneficial effects of 
aerobic physical activity at a moderate-to-vigorous intensity level (MVPA; see 
Donnelly et al., 2016). According to physiological mechanisms, this type of 
physical activity in the short-term, after one bout, leads to an upregulation 
of neurotransmitters (e.g. dopamine, monoamine, brain-derived neurotrophic 
factors). After more frequent participation in physical activity over several weeks, 
this facilitates structural and functional adaptations of the brain due to, amongst 
others, angiogenesis and neurogenesis in brain areas that support cognitive 
performance (see Best, 2010).

Only few studies have examined the physiological mechanisms by looking 
at effects of longitudinal aerobic physical activity on children’s brain activation. 
These studies focused on brain activation patterns during tasks measuring 
one specific aspect of cognition, namely inhibition. In one of the first of these 
studies, Davis and colleagues (2011) implemented a 13-week aerobic physical 
activity intervention after school for sedentary, overweight children. As a 
result of the intervention, they found increased prefrontal cortex activity and 
reduced posterior parietal cortex activity during an antisaccade task, as well as 

6
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improvements in the planning aspect of executive functioning and mathematics 
achievement. Krafft and colleagues (2014) examined an 8-month aerobic after-
school program in overweight children, which resulted in decreased activation 
during an antisaccade task in several regions known to be related to anti-
saccade performance (e.g. inferior frontal gyrus and anterior cingulate cortex), 
and increased activation in regions supporting cognitive control (e.g. superior 
frontal, medial frontal, middle frontal, and cingulate gyri). Chaddock-Heyman 
and colleagues (2013) implemented a 9-month after-school physical activity 
program aimed at improving children’s aerobic fitness, which was found to result 
in significant decreases in activity in the right anterior prefrontal cortex during a 
Flanker task. These changes were mainly driven by decreased activation during 
incongruent trials, which are complex trials requiring the most inhibitory and 
attentional abilities. The pattern of brain activation in the physical activity group 
was similar to that of young adults, leaving the authors to suggest that less 
activation during a complex inhibition task reflects more mature brain function 
(Chaddock-Heyman et al., 2013).

6.1.2 COGNITIVE STIMULATION MECHANISM
Other studies have brought forth the cognitive stimulation hypothesis, in which 
it is argued that physical activity that is cognitively-engaging is even more 
beneficial for cognition and brain development than aerobic physical activity 
containing ‘simple’, repetitive exercises (Pesce, 2012). Cognitive engagement 
refers to the amount of cognitive effort and attention that is needed to 
participate in a certain activity or to master a certain skill (Tomporowski, 
McCullick, Pendleton, & Pesce, 2015). Cognitively-engaging physical activity 
entails activities that require a high amount of cognitive effort to understand 
new information, such as complicated rules; and activities in which complex 
motor skills have to be practiced, such as multi-limb coordination and strategic 
games (Tomporowski et al., 2015). This type of physical activity is thought to 
partly activate the same brain areas as those used during cognitive tasks, 
thereby promoting the development of these brain areas, consequently aiding 
cognitive performance as well (Diamond & Lee, 2011). In a recent meta-analysis, 
promising effects on executive functioning and academic achievement were 
found for this type of physical activity, with seemingly even stronger effects 
than aerobic physical activity (de Greeff et al., 2018a). The cognitive stimulation 
hypothesis is relatively new, and we are not aware of studies that have examined 
the effects of cognitively-engaging physical activity on the brain.
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Some studies in older adults have examined the effects of coordinative 
physical activity (see Voelcker-Rehage & Niemann, 2013 for a review). 
Coordinative physical activity comprises exercises that require gross and fine 
motor coordination, such as eye-hand coordination, spatial orientation, and 
balance (Voelcker-Rehage, Godde, & Staudinger, 2011). Coordinative physical 
activity shows considerable overlap with cognitively-engaging physical activity, 
in that both require the involvement of complex motor skills and higher-order 
cognitive processes, such as attention. In the review by Voelcker-Rehage and 
colleagues (2011), it was concluded that the acquisition of new skills during 
coordinative physical activity is related to increased activation in the prefrontal 
and parietal cortex. With repeated execution of a newly learned skill, activity 
in the frontal cortex decreases, and activity becomes more focalized and more 
efficient, possibly reflecting automatization of the newly learned skill. It is unclear 
how these changes in brain activation relate to cognitive performance however.

6.1.3 DIFFERENT TYPES OF PHYSICAL ACTIVITY
Following the physiological mechanisms and cognitive stimulation hypothesis 
described earlier, it is likely that the mechanisms by which physical activity affects 
cognition and academic performance differ depending on the type of physical 
activity involved. In line with this assumption, animal studies have revealed that 
different types of physical activity affect the brain in a different manner (Black, 
Isaacs, Anderson, Alcantara, & Greenough, 1990). Aerobic training has been 
found to result in, for example, the formation of new blood vessels from existing 
blood vessels (angiogenesis), the development of new neurons (neurogenesis), 
and the plasticity of neurotransmitter systems, whereas coordinative activities 
lead to pruning and restructuring of synapses (synaptogenesis).

Also in humans, it has been argued that different types of activities (i.e. 
aerobic compared to coordinative exercise) differ in underlying brain changes 
(Voelcker-Rehage & Niemann, 2013). Only one study has made a direct 
comparison between the effects of different types of physical activity on brain 
activation however, examining the effects of cardiovascular and coordination 
training on cognition and brain activation in older adults (Voelcker-Rehage 
et al., 2011). It was found that both types of physical activity led to improved 
executive functioning, coupled with decreased activation in the prefrontal areas 
in both intervention groups, reflecting more efficient information processing. 
In addition, specific effects were found for the different training programs. 
Decreased activation was found in the sensorimotor network (i.e. several 
superior, middle, and medial frontal, superior, and middle temporal cortical 

6
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areas) for the aerobic intervention group. In the coordination training group, 
increased activation was found in the visual-spatial network (i.e. inferior frontal 
gyrus, and superior parietal lobule) as well as in subcortical structures that are 
considered to be important for process automatization (i.e. the thalamus and 
caudate body). Based on these results it was concluded that the mechanisms 
by which physical activity affects cognition depend on the type of activity 
involved. No studies have yet examined whether distinct types of physical 
activity differently target brain activation in children as well.

6.1.4 THE PRESENT STUDY
Only few studies have examined the effects of aerobic physical activity on 
children’s brain activation. Further, the few studies that did only measured brain 
activation patterns during inhibition tasks. Although inhibition is an important 
cognitive skill, these results do not directly translate to other cognitive functions, 
such as working memory, because different brain areas are underlying inhibition 
and working memory (Best & Miller, 2010). In addition, inhibition and working 
memory have different developmental patterns, with inhibition being already 
quite well developed by the early school years, whereas working memory 
performance shows growth into late adolescence (Best & Miller, 2010). Further 
investigation of the effects of physical activity on working memory-related 
brain activation patterns thus seems vital. In addition, to our knowledge, the 
effects of cognitively-engaging physical activity on children’s brain activation 
have not yet been examined, and no studies have directly compared changes 
in children’s brain activation as a result of different types of physical activity. 
This is unfortunate, as childhood is a critical period in which the brain shows 
substantive development. Physical activity might provide an effective means for 
stimulating children’s brain development, possibly having long-term beneficial 
effects on cognitive and academic performance.

Therefore, the present study aims to examine how different types of physical 
activity affect children’s brain activation during a visuospatial working memory 
task. As the strongest evidence base has been built for aerobic physical activity, 
and considering the promising effects of cognitively-engaging physical activity 
in stimulating children’s cognitive and academic development, the focus will 
be on those two types of physical activity. Different effects on brain activation 
are expected for the two physical activity interventions. The effects of both 
interventions are expected to be the most pronounced for the prefrontal areas, 
as these are found to be underlying visuospatial working memory performance 
(see Wager & Smith, 2003), and as previous studies have consistently found 

Volledig binnenwerk_Anne de Bruijn_V2.indd   108 01-10-19   16:08



109

DIFFERENT TYPES OF PHYSICAL ACTIVITY AND BRAIN ACTIVATION 

effects of physical activity on brain activation in these areas (see Donnelly et 
al., 2016). Results of this study will increase our understanding of how different 
types of physical activity affect the brain, thereby providing useful information 
for the development of effective physical activity interventions for improving 
children’s cognitive and academic development.

6.2 METHODS

6.2.1 DESIGN
This study is part of a large cluster randomized controlled trial at 22 primary 
schools in the Netherlands (n = 891 children) examining the effects of two 
different types of physical activity interventions on children’s physical fitness, 
motor skills, cognition and academic achievement (see Chapter 5 for an 
elaborate description of the project design). At each school a third and a 
fourth grade class participated, of which one class was randomly assigned as 
intervention group, following four intervention lessons per week. The other 
class was the control group, following their regular physical education program 
of two lessons per week. Parents from participating children could voluntarily 
sign-up their child for the MRI sub-study. Only children over 8 years that had 
no contraindications for MRI were included. An inclusion protocol was followed 
to ensure that children were equally sampled over grades, conditions (control, 
aerobic intervention, cognitively-engaging intervention) and schools, and to 
ensure that boys and girls were equally represented. If the number of eligible 
students that signed up exceeded the number of slots that had to be filled, it 
was randomly decided which child could participate. There were deviations 
from the inclusion protocol in case the number of children that met the inclusion 
criteria could not be met. As a solution, some schools are oversampled in 
the study, whereas others are underrepresented. The inclusion protocol and 
deviations from this protocol can be found in Appendix 10.

6.2.2 PARTICIPANTS
Ninety-two children (47 girls, 51.1%) participated in this study. Children were in 
grade 3 (N = 46, 50%) and grade 4 and had mean age of 9.14 years (SD = .63). Nine 
children dropped-out at posttest because of logistic problems (e.g. planning of 
scan time) or personal reasons, leaving 83 children who were scanned at both 
pretest and posttest. Twenty-one children were excluded from further analyses 
due to low quality of the data (see image analyses). An overview of the included 
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and excluded children in the three groups at each stage of the study can be 
found in Appendix 10. Descriptive statistics of the final number of included 
children (n = 62) are presented in Table 6.1. Children in the three groups did not 
significantly differ on age (F (2, 59) = 1.44, p = .24), socioeconomic status (SES; 
F (2, 59) = .32, p = .73), gender (χ2 (2) = .51, p = .78), grade (χ2 (2) = 2.55, p = .28), 
or BMI classification (χ2 (4) = 5.48, p = .24). Children’s parents or legal guardians 
provided written informed consent. This study was approved by the ethical 
board of the Vrije Universiteit Amsterdam (Faculty of Behavioural and Movement 
Sciences) and is registered in the Netherlands Trial Register (NTR5341).

TABLE 6.1. Baseline characteristics of children included in the analyses, for the total 
sample and separately for the control group, aerobic intervention group and cognitively-
engaging intervention group.

Total 
sample
(n = 62)

Control 
group
(n = 17)

Aerobic 
intervention 
group
(n = 22)

Cognitively-
engaging 
intervention group
(n = 23)

Grade, n grade 3 (%) 28 (45.2) 5 (29.4) 12 (54.5) 11 (47.8)

Gender, n boys (%) 30 (48.4) 7 (41.2) 11 (50.0) 12 (52.2)

Age, in years (SD) 9.2 (0.6) 9.37 (0.5) 9.2 (0.7) 9.0 (0.6)

SESa (SD) 4.6 (1.1) 4.6 (.9) 4.7 (1.0) 4.5 (1.4)

BMIb n non-overweight (%) 53 (88.3) 17 (100) 19 (90.5) 17 (73.9)

BMI n overweight (%) 6 (10.0) - 2 (9.5) 4 (17.4)

BMI n obese (%) 1 (1.7) - - 1 (4.3)

Note: a. SES = socioeconomic status; measured with a parental questionnaire. Level of 
parental education ranged from no education (0) to postdoctoral education (7; Schaart, 
Mies, & Westermann, 2008). Mean level of education of both parents was calculated, or, 
in case only one of the parents’ educational level was specified, this was used as measure 
of SES. b. BMI category was determined based on the international classification values 
by Cole and Lobstein (2012). BMI data was missing for two participants.

6.2.3 MATERIALS

IMAGING TASK

The Spatial Span task (van Ewijk et al., 2014; 2015), an adapted version of a task 
developed by Klingberg, Forssberg, and Westerberg (2002), was used as a 
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measure of visuospatial working memory. The task was implemented in E-prime 
(Psychology Software Tools, version 2.0.10.356). In the Spatial Span task, a 4 x 4 
grid was presented on a screen behind the MRI scanner that was visible for the 
child via a mirror attached to the head coil. In the grid, a sequence of either three 
(low memory load) or five (high memory load), yellow (working memory) or red 
(baseline) circles were presented for 500 ms each, with an inter-stimulus interval 
(empty grid) of 500 ms. Following this sequence, a probe consisting of a number 
and a question mark was presented in one of the 16 boxes in the grid. In the 
working memory trials, children were instructed to remember the order in which 
the circles were presented and, when the probe was shown, had to indicate with 
a right (‘yes’) or left (‘no’) button press whether the probe location matched the 
location of the stimulus that was indicated by the probe number. Children were 
instructed to respond within 2000 ms. During baseline trials (red circles), three 
or five circles were shown in a predictable manner in the four corners of the grid 
and were always followed by a probe with the number 8. Children were instructed 
to look at the circles, but not to remember their order, and to always press ‘no’ 
when the probe appeared. Feedback was provided in both conditions via a 
green (correct response) or red (incorrect response) coloured bar underneath 
the probe. The task consisted of four blocks each containing 24 trials, with a short 
break in between blocks, resulting in a total task duration of approximately 16 
minutes. The percentage of the correct working memory trials (for the low and 
high working memory load trials separately, and for the low and high working 
memory load trials combined) were used as outcome measures for behavioral 
performance. A schematic overview of the task is presented in Figure 6.1.

FIGURE 6.1. Schematic overview of a low working memory load trial of the spatial span 
task (van Ewijk et al., 2015). In this example trial, a sequence of three (low load) yellow 
(working memory) circles was presented (stimulus presentation). Next, a probe ap-
peared, prompting whether the third circle appeared in that specific box of the grid. In 
this example, ‘yes’ was the correct answer (the second circle was in the position indicated 
by the number two). A green bar was presented underneath the probe as feedback, 
because a correct response was given (response and feedback).

6
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6.2.4 PROCEDURE
Two fourteen-week intervention programs, each consisting of four lessons 
per week (56 lessons in total), were developed by Physical Education teachers 
and Human Movement Sciences researchers. One intervention focused on 
aerobic physical activity, the other on cognitively-engaging physical activity. An 
elaborate description of the intervention programs can be found in Chapter 5.

Children in the intervention groups received four intervention lessons each week 
for 14 weeks, during regular and extra physical education lessons, thereby doubling 
the number of lessons children received. Lessons were delivered by hired physical 
education teachers who were familiarized with the interventions in a training session 
and via a detailed manual. Children in the control groups followed their regular 
physical education program, participating in two lessons each week, which were 
provided by their own teacher. Children participated in the MRI protocol in the 
two weeks before the start of, and the two weeks after the intervention program.

Children were familiarized with the scanner and the task in a half hour 
session before the real scanning at pretest, using a mock scanner and a laptop. 
Children responded to the task by using a button-box (Current designs Inc., 
Philadelphia, USA) which was connected to the computer. Head movements 
were minimized by inserting small, wedge-formed pillows between the head 
coil and the child’s head. Children received a small present and a copy of their 
structural T1-weighted scan after the posttest.

6.2.5 IMAGE ACQUISITION
The imaging protocol was carried out at two different sites (Amsterdam and 
Groningen) on either a 3 Tesla whole-body unit (Discovery MR750, GE Healthcare, 
Milwaukee, Wisconsin; Amsterdam) or a 3 Tesla Philips Intera scanner (Philips 
Medical Systems, Best, the Netherlands; Groningen), using a 32-channel head 
coil and closely-matched acquisition parameters. Four runs with T2*-weighted 
functional gradient echo-planar images (EPI) were acquired using the following 
parameters: repetition time (TR) = 2000 ms, echo time (TE) = 35 ms, flip angle 
(FA) = 80º, field of view (FOV) = 211 mm, slice thickness = 3.0 mm, interslice 
distance = 0.3 mm, 135 dynamics, and 64 x 64 grid (Amsterdam protocol), or 64 
x 60 grid (Groningen protocol), voxel size = 3.3 x 3.3 x 3.3 mm. Two spin echo 
EPI scans with opposing polarities of the phase-encode blips were acquired 
(TR =6000 ms, TE = 60 ms, all other parameters remained the same) which would 
later be applied to correct for distortions in the functional images caused by 
the susceptibility distribution of the subject’s head (Andersson & Sotiropoulos, 
2016; Smith et al., 2004). Additionally, high resolution, whole-brain T1-weighted 
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sagittal brain images were acquired at the beginning of the scan protocol 
(TR = 400 ms, TE = min full, FA = 111º, FOV = 250 mm, slice thickness = 3.0 mm, 
interslice distance = 0.3 mm, and 256 x 192 grid, voxel size = 1 x 1 x 1 mm).

6.2.6 IMAGE ANALYSES
Preprocessing (see Chapter 4) was carried out in FLS feat (FMRI Expert 
Analysis Tool; FMRIB Analysis group, Oxford, UK). The same preprocessing 
procedure was followed for the pretest and the posttest data. In the first-
level analysis, two contrasts of interest were set-up in FSL: one contrasting 
working memory to control (mean working memory), and one contrasting high 
working memory load to low working memory load (load difference). The brain 
activation patterns associated with these contrasts are presented in Chapter 4. 
Consequently, a difference image was constructed by subtracting the pretest 
contrast image from the posttest contrast image in SPM 12.0 (SPM 12.0 v6470, 
running in MATLAB 2017b), resulting in a contrast image showing changes in 
brain activation between pretest and posttest. Registration was conducted 
using affine transformations in FLIRT. These images were consequently used 
for statistical analyses (see Chapter 4) in SPM 12.0.

6.2.7 ANALYSES
Initial differences in performance on the spatial span task between the three 
groups were examined in IBM SPSS Statistics 25.0 using Analysis of Variance 
(ANOVA) and post-hoc analyses with Bonferroni-correction.

MAIN ANALYSES

First, for both contrasts whole brain activation differences between pretest and 
posttest across all groups were analyzed in a flexible factorial model in SPM 12.0, 
by adding the pretest contrast maps and posttest contrast maps for each child. The 
aim of this analysis was to examine whether there were overall differences in brain 
activation between pretest and posttest. Following, an analysis was conducted to 
examine interactions between condition and time, that is: whether the three groups 
(control group vs. aerobic intervention vs. cognitive intervention) showed differences 
in activity changes between pre- and posttest. Difference maps representing changes 
in activation between pretest and posttest were entered in a flexible factorial model. 
A covariate of interest representing intervention group (aerobic intervention group, 
cognitively-engaging intervention group, control group) was added to this model, and 
site was included as covariate of no interest, because differences between scan sites 
were found (see Chapter 4). Results that survived the cluster level significance of p < 
0.05, family wise error (FWE) corrected, initial threshold p < 0.001, will be presented.

6
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ADDITIONAL ANALYSES

Additionally, exploratory analyses were performed by applying a scaled 
subprofile model/principal component analysis (SSM/PCA) method (Moeller, 
Strother, Sidtis, & Rottenberg, 1987). We used this method to obtain differences 
in brain activation patterns between two study groups (i.e. aerobic intervention 
vs. control, cognitively engaging intervention vs. control, aerobic intervention 
vs cognitively engaging intervention). The SSM/PCA method has been used 
extensively with positron emission tomography (PET) data to identify brain 
activation patterns that can distinguish patient populations from healthy controls 
(e.g. Mudali et al., 2015, 2016; Teune et al., 2013, 2014; also see Alexander & 
Moeller, 1994). SSM/PCA analysis is thought to provide greater statistical power 
than more traditional mass univariate approaches (Alexander & Moeller, 1994).

The SSM/PCA method was implemented in-house in MATLAB. The 
preprocessed difference maps - representing changes in activation between 
pretest and posttest - were used as input. Several steps were followed. 
First, a gray matter mask was applied to include only gray matter voxels in 
the analyses. Second, the mean activity pattern of the reference group was 
subtracted from the activity pattern of each subject to remove activity offset. 
Third, the multivariate principal component analysis (PCA) based algorithm 
was used to reduce the complexity of the multivariate data; those principal 
components (PCs) were retained that, together, explained (at least) 50 % of 
the variance. Fourth, a subject score was calculated representing the degree 
to which a PC was present for each subject. Fifth, to calculate an intervention 
pattern, a stepwise logistic regression was performed to select and combine 
the PCs into one intervention pattern (e.g. the deviations in the activity pattern 
of the intervention group from the activity pattern from the reference group). 
Sixth, bootstrapping (N = 1000 bootstraps) was applied to check the stability 
of the brain activation patterns extracted by the SSM/PCA. This bootstrapping 
method resulted in images revealing brain areas with values that were not zero 
in 90% of the bootstraps. Last, a leave-one-out cross-validation (LOOCV) was 
conducted to examine whether the pattern extracted by the SSM/PCA could 
be used to classify individual children. For each child, the SSM/PCA analysis 
was conducted once without its data being taken into account1. Following, the 
results of this analysis (i.e. the activity pattern obtained when comparing two 
groups) were used to investigate the extent to which the intervention pattern 

1 For the calculation of the GMP, all children were included as the control group had a small 
number of children and the GMP was not stable when one child was removed from the data 
to calculate GMP.
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existed for this child. As children in the different study conditions were expected 
to differ from each other, it was expected that, on average, activity patterns in 
the intervention groups would diverge from children in the reference group. 
If a child’s original group membership can be reliably traced back from the 
pattern extracted by the SSM/PCA, this provides support for the validity of the 
extracted activity pattern.

The SSM/PCA method and LOOCV were applied three times to compare 
the three groups: 1) aerobic intervention group vs. control group, 2) cognitively-
engaging intervention group vs. control group, and 3) cognitively-engaging 
intervention group vs. aerobic intervention group. Intervention-related activity 
patterns were extracted with both positive (increases in activation) and negative 
(decreases in activation) voxel loadings. A description of the SSM/PCA and 
LOOCV method that was used can be found in Appendix 11. More information 
on the theoretical assumptions of and the analysis steps taken in a SSM/PCA 
can be found elsewhere (Alexander & Moeller, 1994; Moeller et al., 1987).

In the results section, Figures are presented showing the brain areas where 
increases or decreases in brain activation differed in 90 % of the bootstraps 
when comparing the reference group and the intervention group. Tables are 
presented with the labels and locations of the brain areas where meaningful 
differences in brain activation were found. Tables with an overview of all brain 
regions where differences were found (also those that did not seem meaningful) 
are shown in Appendix 12. Lastly, the results of the LOOCV are presented, 
showing the extent to which an individual’s brain activation pattern fitted the 
results obtained by that individual’s LOOCV.

6.3 RESULTS

6.3.1 BEHAVIORAL RESULTS
Mean scores on the Spatial Span task at pretest and posttest for the three groups 
are presented in Table 6.2. At pretest, the three groups did not significantly 
differ in performance on the spatial span task (F (2, 59) = .15, p = .86). Overall, 
children performed better at posttest than at pretest (F (1, 59) = 12.32, p < .001). 
There was no significant interaction between condition and time (F (2, 59) = 1.08, 
p = .35), indicating that the improvement between pretest and posttest did not 
differ between the three groups.

6
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TABLE 6.2. Average pretest and posttest scores on the visual span task (percentage 
working memory trials correct) and corresponding standard deviations for the three 
conditions.

n Control group n
Aerobic intervention 
group

n
Cognitively-engaging 
intervention group

Pretest 17 69.2 (3.8) 22 66.8 (3.3) 23 66.9 (3.2)

Posttest 17 76.5 (3.8) 22 73.8 (3.3) 23 69.2 (3.3)

6.3.2 FMRI RESULTS
The mean activation pattern for the mean working memory contrast, over both 
scanning sessions and for all groups, is presented in Chapter 4. This activation 
pattern is largely in line with what was found in previous studies, supporting 
the validity of the task. There was no significant activation associated with load 
difference (see Chapter 4). Consequently, this contrast was not further examined.

First, mean activation differences between pretest and posttest for all groups 
together were analyzed to see whether brain activation patterns changed over 
the fourteen weeks. No significant activation changes were found between 
pretest and posttest (all p > .05).

Second, time-by-group interactions were examined to investigate 
intervention effects. No significant differences in activation changes were found 
between the three groups (all p > .05), indicating that the interventions did not 
result in changed brain activation patterns.

ADDITIONAL ANALYSES

A SSM/PCA method was applied to examine which activity patterns could be 
obtained when comparing the three groups.

Aerobic intervention group vs. control group

First, a SSM/PCA was applied to examine which activity patterns could be 
obtained when comparing the aerobic intervention group to the control group. 
Less activation in areas in the frontal cortex (left inferior gyrus, left superior middle 
frontal gyrus and medial frontal lobe), the occipital cortex (right middle and lateral 
occipital gyri), and the parietal cortex (angular gyrus) was found in the aerobic 
intervention group as compared to the control group (see Table 6.3 and Figure 6.2).
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TABLE 6.3. Brain areas obtained when comparing the pretest-posttest differences maps 
of the aerobic intervention group and the control group. The control group was used 
as the reference category.

MNI coordinatesa

Anatomical label(s) Hemisphere x y z

Deactivationb

Inferior frontal gyrus Left -48 28 -6

Superior middle frontal gyri/medial frontal lobe Left -26 58 -2

Medial & lateral occipital gyri Right 8 -80 -10

Angular gyrus Left -54 -50 12

a. Brain coordinates defined by the Montreal Neurological Institute (MNI), based on which 
the location of (de)activated clusters of voxels can be identified. b. Brain areas showing 
deactivation in the aerobic intervention group as compared to the control group.

 

FIGURE 6.2. Results of the bootstrapping analysis revealing brain activation patterns 
obtained when comparing the aerobic intervention group to the control group. Slices 
showing the (de)activated brain regions are presented, with a sagittal (upper), coronal 
(middle) and axial (lower) view. Warm colours represent increases in activation; cool 
colours represent decreases in activation.

6
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Following, a LOOCV was conducted as a validation of the results of the 
SSM/PCA, examining whether group membership of individual children could 
be predicted based on their brain activation pattern. Results of this analysis 
are presented in Figure 6.3. Results were unstable due to large inter-individual 
variability, which negatively influences the reliability of these results. The LOOCV 
shows that children in the aerobic intervention are not distinguishable from 
children in the control group (values for both groups are around 0).
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FIGURE 6.3. Results of the LOOCV contrasting the aerobic intervention group and the 
control group. The y-axis represents the deviation in the individual’s activity pattern 
from the activity pattern of the reference group (i.e. control group).

Cognitively-engaging intervention group vs. control group

A second SSM/PCA was applied to examine which activity patterns could be 
obtained when comparing the cognitively-engaging intervention group to the 
control group. The cognitively-engaging intervention group showed deactivation 
in frontal areas (bilateral in the superior middle frontal gyri, medial frontal lobe and 
the inferior frontal gyrus, left in the supplementary motor area and the premotor 
cortex), and occipital areas (right medial/lateral occipital gyri) as compared to the 
control group. Activation in occipital areas (right primary visual cortex), parietal 
areas (bilateral angular gyrus) and the cingulate gyrus was found in the cognitively 
engaging group compared to the control group (Table 6.4 and Figure 6.4).
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TABLE 6.4. Brain areas obtained when comparing the pretest-posttest differences maps 
of the cognitively-engaging intervention group and the control group. The control group 
was used as the reference category.

MNI coordinatesa

Anatomical label(s) Hemisphere x y z

Deactivationb

Superior middle frontal gyri/ middle frontal lobe 
(BA10; Prefrontal Cortex)

Left -20 60 2

Right 24 56 -6

Inferior frontal gyrus Left -44 28 -8

Right 48 36 -4

Supplementary motor area (SMA), premotor cortex Left -22 14 48

Superior middle frontal gyri/ medial frontal lobe 
(BA8)

Right 40 12 52

Medial/lateral occipital gyri Right 24 -84 -18

Activationc

Primary visual cortex Right 24 -70 6

Cingulate gyrus Right 16 -58 22

Angular gyrus Right 52 -56 44

Left -50 56 42

a. Brain coordinates defined by the Montreal Neurological Institute (MNI), based on 
which the location of (de)activated clusters of voxels can be identified. b. Brain areas 
showing deactivation in the cognitively-engaging intervention group as compared to the 
control group. c. Brain areas showing increased activation in the cognitively-engaging 
intervention group as compared to the control group.

6
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FIGURE 6.4. Results of the bootstrapping analysis revealing brain activation patterns 
obtained when comparing the cognitively-engaging intervention group to the control 
group. Slices showing the (de)activated brain regions are presented, with a sagittal 
(upper), coronal (middle) and axial (lower) view. Warm colours represent increases in 
activation; cool colours represent decreases in activation.

A LOOCV was then conducted to cross-validate these results by examining 
whether group membership of individual children could be predicted based 
on their brain activation pattern. Results of this analysis are presented in Figure 
6.5. Again, results of this analysis were unstable due to large inter-individual 
variation. This visual representation suggests that there is more variation in 
the deviations from the reference activity pattern, with slightly more positive 
deviations in the cognitively-engaging intervention group than in the control 
group, where the pattern of deviation is more focused.
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FIGURE 6.5. Results of the LOOCV contrasting the cognitively-engaging intervention 
group and the control group. The y-axis represents the deviation in the individual’s 
activity pattern from the activity pattern of the reference group (i.e. control group).

Aerobic intervention vs. cognitively-engaging intervention

Lastly, a SSM/PCA was used to examine which brain activation patterns could 
be obtained when comparing the two intervention groups. Children in the 
cognitively-engaging intervention group showed deactivation in temporal areas 
(right middle and inferior temporal gyri) and frontal areas (left supplementary 
and premotor cortex) as compared to children in the aerobic intervention group. 
Activation was found in occipital areas (bilateral medial and lateral occipital 
gyri), parietal areas (right superior parietal gyrus), and bilateral in the thalamus 
and cingulate gyrus in the cognitively-engaging group compared to the aerobic 
intervention group (Table 6.5, Figure 6.6).
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TABLE 6.5. Brain areas obtained when comparing the pretest-posttest differences maps 
of the cognitively-engaging intervention group and the aerobic intervention group. The 
aerobic intervention group was used as the reference category.

MNI coordinatesa

Anatomical label(s) Hemisphere x y Z

Deactivationb

Middle & inferior temporal gyri Right 58 -42 -14

Middle temporal lobe Right 68 -16 -14

Supplementary motor area and premotor cortex Left -50 -8 30

Activationc

Medial and lateral occipital gyri: Visual association 
cortex

Bilateral 0 -72 24

Superior parietal lobule Right 14 -64 32

Thalamus Right 10 -16 14

Left -8 -12 16

Cingulate gyrus Bilateral 2 2 30

a. Brain coordinates defined by the Montreal Neurological Institute (MNI), based on 
which the location of (de)activated clusters of voxels can be identified. b. Brain areas 
showing deactivation in the cognitively-engaging intervention group as compared to the 
aerobic intervention group. c. Brain areas showing increased activation in the cognitively-
engaging intervention group as compared to the aerobic intervention group.
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FIGURE 6.6. Results of the bootstrapping analysis revealing brain activation patterns 
obtained when comparing the pretest-posttest differences maps of the cognitively-en-
gaging intervention group and the aerobic intervention  group. Slices showing the (de)
activated brain regions are presented, with a sagittal (upper), coronal (middle) and axial 
(lower) view. Warm colours represent increases in activation; cool colours represent 
decreases in activation. 

A LOOCV was conducted to examine whether group membership of individual 
children could be predicted based on their brain activation pattern. Results of this 
analysis are presented in Figure 6.7. Again, results of this analysis were unstable 
due to large inter-individual variation. This visual representation suggests that 
children in the cognitively-engaging intervention group show more variation in 
their deviation patterns, with slightly more positive deviations compared to the 
reference activity pattern of children in the aerobic intervention group. 
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FIGURE 6.7. Results of the LOOCV contrasting the cognitively-engaging intervention 
group to the aerobic intervention group. The y-axis represents the deviation in the in-
dividual’s activity pattern from the activity pattern of the reference group (i.e. aerobic 
intervention group). 

6.4 DISCUSSION

This is the first study examining the effects of two different types of physical 
activity, aerobic and cognitively-engaging, on children’s brain function 
during a visuospatial working memory task. We aimed to reveal mechanisms 
underlying effects of physical activity on cognition. No significant effects of 
the interventions on brain activation were found when using mass univariate 
analysis. This contradicts findings of previous studies that do report changes in 
children’s brain activation as a result of long-term physical activity interventions 
(see Donnelly et al., 2016). This result is, however, in line with the non-significant 
effects that were found on the behavioral outcomes of the sample included in 
this study, and the total sample of the ‘Learning by Moving’ project (on physical 
fitness and motor skills, van der Fels et al., subm.; cognition, de Greeff et al., 
2018b; and academic skills, see Chapter 3). However, in additional, exploratory 
pattern analyses, brain activation patterns - consisting of activation differences 
in frontal, occipital, and parietal cortices - were obtained when comparing 
intervention effects for the three groups, with different patterns for the two 
physical activity intervention groups. This suggests that the aerobic and 
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cognitively-engaging physical activity intervention programs differently affected 
children’s brain activation. These results are discussed in more detail below. 

6.4.1 BRAIN AREAS SUSCEPTIBLE TO CHANGE
Although further research is needed to substantiate the results of the 
pattern analyses, these provide useful indications for brain areas that might 
be susceptible to change as a result of different types of physical activity. In 
line with results of the few previous studies focusing on the effects of aerobic 
physical activity on children’s brain activation (Chaddock-Heyman et al., 2013; 
Davis et al., 2011; Krafft et al., 2014), the results of our pattern analyses suggest 
that the effects of aerobic physical activity are most pronounced in the frontal 
and parietal areas. Physical activity is often expected to affect activity in the 
frontal, and especially prefrontal, regions, because these areas are important 
for executive functioning (Chaddock, Pontifex, Hillman, & Kramer, 2011), the 
cognitive functions that have found to be most strongly affected by physical 
activity (Donnelly et al., 2016). Although changes in frontal activity as a result of 
aerobic physical activity have previously been found, the direction of change 
is inconsistent across studies (Chaddock-Heyman et al., 2011; Davis et al., 2011; 
Krafft et al., 2014; Voelcker-Rehage, et al., 2011). The decreases in frontal activity 
that we obtained when comparing the aerobic intervention group to the control 
group are similar to the decreases in prefrontal cortex activity that were found as 
a result of a 9-month aerobic intervention by Chaddock-Heyman and colleagues 
(2013), and after an aerobic intervention program in older adults (Voelcker-
Rehage et al., 2011). In contrast, other studies have reported increases in activity 
in (pre)frontal regions as a result of aerobic physical activity interventions in 
children (Davis et al., 2011; Krafft et al., 2014). In interpreting these inconsistent 
results, it should be noted that the studies by Davis and colleagues (2012) and 
Krafft and colleagues (2014) both specifically focused on overweight children. 
Further, although changes in the frontal lobe are consistently found, the exact 
brain areas in which changes are found differ per study, possibly reflecting the 
functional specificity of different regions in the frontal lobe. Besides changes 
in parietal and frontal activity, we found decreased activity in the occipital 
areas when comparing the aerobic intervention group to the control group. As 
changes in activity patterns are most likely to be found in brain areas that are 
involved in task performance, finding changes in occipital lobe activity was not 
surprising, because occipital areas are strongly involved in visuospatial working 
memory performance (van Ewijk et al., 2015).

6
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When comparing the cognitively-engaging intervention group to the control 
group, decreases in activity in the frontal and occipital areas were found, 
together with increases in activity in the visual, parietal, and cingulate cortex. It 
is difficult to relate these findings to previous results, as no other studies have 
yet examined the effects of cognitively-engaging physical activity on children’s 
brain activation. One study that examined the effect of coordinative physical 
activity concluded that the acquisition of new (motor) skills during this type 
of physical activity is associated with increased activity in frontal and parietal 
areas, reflecting the cognitive demand of learning a new skill. Over time, as a 
skill gets automatized and less cognitive engagement is needed, activity in 
the frontal regions reduces and overall activity gets less widespread, reflecting 
more efficient recruitment of the brain during task execution (Voelcker-Rehage 
& Niemann, 2013). The decreases in frontal lobe activity that we found can thus 
be an indication of more efficient brain activation as a result of automatization of 
complex skills. Again, the occipital lobe is strongly involved in task performance, 
making activity changes in this region more likely as well. Complementing these 
results, our study suggests that cognitively-engaging physical activity results in 
increased activity in the parietal and cingulate cortex. 

6.4.2 DIFFERENTIAL EFFECTS OF THE TWO PHYSICAL ACTIVITY INTER-
VENTIONS
To get a better understanding of whether the two physical activity interventions 
differently affected children’s brain activation patterns, a direct comparison 
between the two interventions groups was conducted. This analysis revealed 
intervention-specific results. Patterns consisting of decreased activity in 
temporal and frontal areas, and increased activity in occipital and parietal areas, 
thalamus, and cingulate cortex were obtained when comparing the cognitively-
engaging intervention group to the aerobic intervention group, suggesting that 
the cognitively-engaging intervention had differential effects on brain activation 
compared to the aerobic intervention group. To our knowledge, only one study 
has directly compared the effects of different types of physical activity (aerobic 
and coordinative), although on older adults brain activation (Voelcker-Rehage 
et al., 2011). This study found differential effects in older adults’ brain function 
as a result of the two types of physical activity. Coordination training resulted 
in, amongst others, increases in activity in the parietal areas (i.e. parts of the 
visual-spatial network) and the thalamus (considered important for process 
automatization). Our results are largely in line with these findings, finding 

Volledig binnenwerk_Anne de Bruijn_V2.indd   126 01-10-19   16:08



127

DIFFERENT TYPES OF PHYSICAL ACTIVITY AND BRAIN ACTIVATION 

differential effects of the two types of physical activity, with increased activity 
in the parietal areas and the thalamus. 

Based on the results of our pattern analyses, it can be tentatively concluded 
that different types of physical activity affect children’s brain differently. This 
suggests that there are different mechanisms underlying the effects of aerobic 
compared to cognitively-engaging physical activity on cognition and academic 
achievement. Unfortunately, due to the exploratory nature of our analyses, we 
were not able to further study this hypothesis by relating the differences in 
activity patterns between the three groups to cognitive task performance. 
As previous studies have not examined yet whether activity changes in the 
brain resulting from physical activity are correlated with improvements in 
task performance, we cannot conclude that brain activation changes provide 
the mechanism by which physical activity results in improved cognitive and 
academic performance. Finding out whether neural changes in response to 
physical activity interventions are linked to behavioral improvements thus is an 
important goal for future research.

A limiting side note should be made when interpreting the results of the 
pattern analyses. The results of the LOOCV were unstable, suggesting that 
there was large inter-individual variability in intervention effects. It proved 
to be difficult to use the brain activation patterns at a single subject level to 
reliably predict to which group individual children belonged. Therefore, our 
findings have to be interpreted with caution, and further research is needed 
to substantiate them. Still, the results provide interesting indications for future 
studies, as they show which brain areas might be susceptible to change as a 
result of different types of physical activity. 

6.4.3 EXPLANATIONS FOR LACK OF OVERALL EFFECTS
By comparing the effects of two types of physical activity, the aim was to get a 
better understanding of how physical activity affects cognitive and academic 
performance. The two physical activity interventions that were implemented 
were closely related to the mechanisms that are used to explain the positive 
effects of physical activity on cognition and academic achievement. The aerobic 
intervention was based on physiological mechanisms, which assume that aerobic 
physical activity results in changes in brain structure and functioning as a result 
of physiological changes in the brain, such as an increase in growth factors 
and neurons. The cognitively-engaging intervention followed the cognitive 
stimulation hypothesis, which expects that cognitively-engaging physical 
activity activates the same brain areas as those used for cognitive tasks, thereby 
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resulting in more efficient use of those areas. Neither of the interventions 
resulted in changes in brain activation when using mass univariate analysis, 
or in improved cognitive or academic achievement as previously reported 
(de Greeff et al., 2018b; and Chapter 3 of this dissertation), and large inter-
individual variability in effects was found. It is therefore difficult to draw definite 
conclusions about the truthfulness of the two mechanisms. It can be questioned 
whether physical activity interventions should be different in content (i.e. type 
of activities; following the cognitive stimulation mechanism), or implemented 
in a different way (i.e. frequency, duration, or intensity of activities; following 
the physiological mechanisms) in order to result in changes in brain activation. 

Alternatively, a combination of both mechanisms, thus physical activity 
that focuses on cognitively-engaging activities at a moderate-to-vigorous 
intensity level, might be needed to bring about changes in brain activation, 
and consequently improved cognitive and academic performance. This 
combined mechanism can also explain why we did not find overall effects 
of the interventions on brain activation, despite there being indications of 
changes that were brought about by the two interventions: the mechanisms 
by themselves might not be strong enough to bring about positive effects on 
the brain. Results of the behavioral study of the ‘Learning by Moving’ project, 
examining effects on academic achievement, also provide suggestions for this 
supplementary mechanism (see Chapter 3). In line with this, a behavioral study 
showed that physical activity that combined aerobic and cognitively-engaging 
activities had stronger effects on executive functioning compared to both a 
regular physical education program, and a program only focused on aerobic 
physical activity (Schmidt, Jäger, Egger, Roebers, & Conzelmann, 2015). Physical 
activity that combines aerobic and cognitively-engaging physical activities thus 
seems a promising topic for future research, as it can be expected that this type 
of physical activity will have more pronounced effects on brain activation and, 
consequently, cognitive and academic performance. 

6.4.4 STRENGTHS, LIMITATIONS, AND FUTURE RESEARCH
This renewing study is the first to reveal the effects of different types of 
physical activity on children’s brain activation during a task for visuospatial 
working memory. A strength of this study was the extensive analysis protocol 
that was implemented. Not only regular analysis procedures were followed, 
but also exploratory analyses were implemented that, to our knowledge, have 
not yet been used in this line of research. Thereby we were able to reveal 
intervention effects that would not have been found when using regular analysis 
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methods, while also taking into account the large inter-individual variability in 
intervention effects. Further strengths of this study include the large sample 
size, and the structured inclusion protocol that was followed in order to include 
a representative sample. 

A first limitation is that the task that was used might have not been sensitive 
enough to pick up changes in brain activation patterns, thereby also providing an 
explanation for why no significant intervention effects were found when using mass 
univariate analysis. This idea is underlined by the fact that none of the children’s 
background characteristics were related to brain activation during the task (see 
chapter 4). Based on previous studies it was expected that factors such as age, 
SES, or gender would be related to differences in visuospatial working memory 
related brain activation  (e.g. Barriga-Paulino, Benjumea, Rodríguez-Martínez, & 
González, 2015; Schweinsburg, Nagel, & Tapert, 2005; Thomason et al., 2009; Zilles 
et al., 2016). None of these relations was found however, and even performance on 
the task itself (percentage of trials with a correct answer) was not related to brain 
activation pattern. Still, the task activity pattern that was found largely coincided 
with results of previous studies using the same task (van Ewijk et al., 2014; 2015), 
providing support for the validity of the visuospatial working memory task. 

Alternatively, not the task itself, but the way it was implemented in the scan 
protocol could provide an explanation for the lack of relations with, and changes 
in VSWM-related brain activation. The active state fMRI scans that were taken 
were part of a larger MRI protocol lasting one hour, also including diffusion 
tensor imaging (DTI) and resting state fMRI. The active state fMRI scans used 
for the present study were taken in the last part of the protocol. It proved to be 
difficult for children to lay still for such a long time, resulting in high movement 
parameters for the active state fMRI scans. In order to filter out most of the 
movement-related brain activation, extensive preprocessing steps had to be 
taken, and a number of participating children had to be excluded. This could 
have had effects on the quality of the data, possibly resulting in data that were 
not sensitive enough to reveal differences between children. 

Lastly, to minimize variability in brain activation patterns, only brain activation 
during correct trials was taken into account. This was a deliberate choice, aiming 
to ease the interpretation of brain activation differences. Yet, this could have 
influenced the results, especially since children reached a rather low percentage 
of correct performance (68% of correct trials at the pretest, 74% of correct trials 
at posttest), whereas the aim was to reach ceiling effects (i.e. a high percentage 
of correct performance). For future studies, it would be interesting to examine 
what happened during the incorrect and omission trials as well. 
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6.4.5 CONCLUSION
Neither an aerobic physical activity intervention program, nor a cognitively-
engaging physical activity program resulted in significant changes in children’s 
brain activation when using classical mass univariate analysis. More insightful 
results were provided by exploratory pattern analyses, which obtained different 
brain activation patterns when comparing the three groups, thereby providing 
suggestions for brain areas that might be susceptible to change as a result 
of different types of physical activity. Although more research is needed to 
substantiate these results, we tentatively conclude that physical activity 
interventions influence children’s brain activation patterns during visuospatial 
working memory, with different effects depending on the type of physical 
activity used. This is an important outcome to elaborate upon in future research, 
as changes in brain activation are thought to be the mechanism by which 
physical activity affects children’s cognitive and academic achievement.
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