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ABSTRACT ARTICLE HISTORY
The aim was to provide a meta-analysis of studies investigating the effects of physical activity interven- Accepted 3 July 2020
tions on cognitive outcomes and academic performance in adolescents or young adults. A systematic
review with meta-analysis was performed using the following databases: Embase, ERIC, MEDLINE, Coanition: )

. X . o . gnition; academic
PsycINFO and Web of Science. Studies had to meet the following criteria: controlled study design, achievement; acute exercise
investigating the effects of physical activity interventions on cognitive outcomes and academic perfor- intervention; chronic
mance in healthy adolescents or young adults (12-30 years). Results showed that acute interventions exercise intervention
(n=44) significantly improved processing speed (ES=0.39), attention (ES=0.34) and, inhibition (ES=0.32). In
a subsequent meta-regression, shorter duration of intervention was significantly associated with greater
improvements in attention (=—0.02) and cognitive flexibility (3=—0.04), whereas age, percentage of
boys, intensity and dose were not. Chronic interventions (n=27) significantly improved processing speed
(ES=0.30), attention (ES=0.50), cognitive flexibility (ES=0.19), working memory (ES=0.59) and language
skills (ES=0.31). In the meta-regression, higher percentage of boys was significantly associated with
greater improvements in attention (3=0.02) and working memory (3=0.01) whereas age, duration,
frequency, dose and load were not. In conclusion, acute and chronic physical activity interventions
might be a promising way to improve several cognitive outcomes and language skills in adolescents
and young adults.
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Introduction al., 2013; Xue et al., 2019). Furthermore, physical activity might
also have a positive effect on attention and processing speed.
These are two basic neurocognitive functions that act as pre-
requisite for executive functions to emerge. Furthermore, neu-
rocognitive functions are an important prerequisite for
successful learning (Brown & Blanton, 2002; Diamond, 2013),
and executive functions are indispensable for success through-
out life (Diamond & Lee, 2011). In terms of brain development,
grey and white matter have been found to continue develop-
ing up to 30 years of age, with the most prominent changes
taking place in the prefrontal cortex (Lebel et al., 2008; Lenroot
& Giedd, 2006; Tamnes et al., 2017; Whitford et al., 2007).
Therefore, cognitive outcomes and academic performance
might not be ideally optimized and supported since these
functions strongly rely on frontal lobe functioning.

There are some physiological mechanisms supposed to
underlie the supposed beneficial effects of physical activity on
cognitive outcomes and academic performance. A single bout
of physical activity (also referred to as acute physical activity)
increases cerebral blood flow and neurotransmitter secretion

Physical activity confers strong positive health benefits, includ-
ing lower risks of cardiovascular diseases (Janssen & LeBlanc,
2010; Li & Siegrist, 2012), adiposity (Haynos & O'Donohue, 2012)
and type 2 diabetes (Stanford & Goodyear, 2014). Recent
research has also linked physical activity to cognitive and aca-
demic benefits in both children and older adults (Esteban-
Cornejo et al., 2015; Hillman et al., 2008; Northey et al., 2017).
Despite the benefits of physical activity, nowadays more than
80% of adolescents do not adhere to the recommended physi-
cal activity guidelines (Piercy et al., 2018). The lack of physical
activity is seen as a major threat for physical and cognitive
health.

Physical activity is especially important during adolescence
and young adulthood. During this stage of development,
higher cortical functions, the so-called executive functions,
which are located in the prefrontal cortex show rapid develop-
ment (Lebel et al.,, 2008; Lenroot & Giedd, 2006). A growing
number of studies have supported the idea that physical activ-
ity boosts these executive functions (Li et al., 2017; Verburgh et
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levels, resulting in increased levels of arousal, attention and
effort, which in turn positively influence the performance on
cognitive tasks shortly after performing physical activity (Best,
2010; Kashihara et al.,, 2009; Tomporowski, 2003). Repeated
bouts of physical activity (also referred to as chronic physical
activity or chronic exercise) has been shown to lead to angio-
genesis (Best, 2010), synaptogenesis and neurogenesis (Hillman
et al., 2015; Ross et al.,, 2015). Such morphological changes in
brain structure may lead to enhanced cognitive outcomes and
academic performance (Best, 2010). Due to the resulting struc-
tural changes, effects of a chronic intervention may persist
longer.

The existing literature mostly focuses on acute physical
activity interventions in preadolescent children (Fedewa &
Ahn, 2011; De Greeff et al.,, 2018; Lees & Hopkins, 2013) or
elderly populations (Angevaren et al., 2007; Northey et al,,
2017). Relatively little is known about the age group of adoles-
cents and young adults, and about the effects of chronic phy-
sical activity (Li et al., 2017; Verburgh et al., 2013; Xue et al,,
2019). Furthermore, most studies focus on cognitive outcomes,
while few studies describe effects of physical activity interven-
tions on academic performance (Haapala, 2012). However, in
the last decade new research is emerging in these topics.
Therefore, it is important to get a full overview of the effects
of acute- and chronic physical activity interventions on cogni-
tive outcomes and academic performance in adolescents and
young adults.

The aim of this paper is to provide a meta-analysis of studies
investigating the effects of physical activity interventions on
cognitive outcomes and academic performance in adolescents
or young adults. We distinguished between studies addressing
effects of acute and chronic physical activity. If possible, we
distinguished between subdomains of cognitive outcomes and
subdomains of academic performance. Moderator analyses
were conducted to provide insight into the possible moderat-
ing effects of the nature of the sample studied, study and
intervention characteristics and study quality.

Method

The protocol of this meta-analysis was registered in the
International Prospective Register of Systematic Reviews
(PROSPERO; CRD42019122030). This review was conducted in
accordance with the guidelines from Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) (Moher et
al., 2009).

Inclusion and exclusion criteria

This meta-analysis included all studies examining the effects of
physical activity interventions on cognitive outcomes and aca-
demic performance published in peer-reviewed English lan-
guage journals. The search included all studies indexed till the
27th of March 2020. The selection of studies was based on
multiple inclusion criteria. First, the physical activity interven-
tion had to contain a sports or exercise component. Both acute
physical activity interventions (one bout of physical activity)
and chronic physical activity interventions (an intervention
programme that contains continuous physical activity over

several days) were selected. Second, the mean age of the
participants in the sample had to be between 12 and 30 years
(Rindfuss, 1991). This age range includes adolescents from
later-puberty till early adulthood (American College of Sports
Medicine, 2013). If no mean age was given then the age range
of the sample had to be between 10 and 32 years old. Third, the
studies had to use a controlled design, with or without random
allocation. If no random allocation was used, adequate adjust-
ment for baseline differences between groups was required (e.
g., analyses of covariance). Fourth, the study had to report on
outcomes that were of interest in the present article (e.g.,
processing speed, attention, executive function or academic
performance) before and after the intervention. The following
studies were excluded from the current meta-analysis: 1. stu-
dies targeting special populations, as generalisation of findings
of these studies would be limited (e.g., adolescents or young
adults with mental or cognitive disorders, nervous system dis-
eases or brain injuries), 2. reviews, and 3. studies that combined
a physical activity intervention with another intervention such
as nutrition.

Search strategy

The electronic databases Embase, ERIC, MEDLINE, PsycINFO and
Web of Science were searched for relevant studies. The search
string combined four elements including terms describing 1.
the physical activity intervention, 2. the age group studied, 3.
the neurocognitive or academic outcome studied and 4. the
study design used. The complete search string is provided in
Appendix A.

After removal of duplicates, the first author BH and a trained
research assistant independently screened the titles and
abstracts to assess eligibility criteria. Following this, full-text
articles were assessed independently by the first author BH
and another trained research assistant. Disagreements were
discussed and consensus was reached together. If multiple
articles included the same participants and reported on the
same outcome measure, the article with the largest sample
size was selected. Reference lists of included studies were
further examined as complementary sources.

Data extraction

Sample descriptives, study design, outcome measures and
characteristics of the intervention were independently
extracted by two review authors (BH, RW). Mean and accom-
panying standard deviations (SDs) were extracted for all out-
come measures. If a study collected data at multiple time
points, only baseline scores and scores closest to the end of
the intervention were used. If a study reported the outcome of
interest in multiple subgroups (e.g., fit vs. unfit or high vs. low
social economic status), the mean of the subgroups weighted
by their sample sizes was used in the analyses (Moher et al.,
2009). If p values were reported as p < 0.05, we assumed a p
value of 0.05 in order to calculate the standard error and the
accompanying 95% Cl. If p values were reported as p > 0.05, we
assumed a p-value of 0.53 (i.e. the average of 0.05 and 1.00) in
order to calculate the standard error and 95% Cl (Bland, 2013). If
multiple intervention groups were compared to the same



control group, the sample size of the control group was divided
by the number of intervention groups. If data required to
calculate effect sizes were missing, authors were contacted to
request the missing information. The effects sizes (ESs) were
corrected for study design by the Comprehensive Meta-
Analysis software (version 3). Given that all outcome measures
were recorded as continuous measures, the standardized mean
difference (SMD) was used to quantify the effect size.

Risk of bias assessment

Two authors (BH, RW) independently assessed the risk of bias of
the included studies following the Cochrane Collaboration tool
for assessing Risk of Bias (Higgins et al, 2011). This tool
addressed six domains: selection bias, performance bias, detec-
tion bias, attribution bias, reporting bias and other bias. For
each of these domains risk of bias was judged distinguishing
between low risk of bias, high risk of bias or unclear risk of bias.
Discrepancies regarding risk of bias were discussed until con-
sensus was reached.

Statistical analysis

Statistical analysis was performed using Comprehensive Meta-
Analysis. First, separate meta-analyses were conducted for
acute and chronic physical activity interventions, thereby dis-
tinguishing between cognitive outcomes and academic perfor-
mance. Second, based on the literature, a subgroup analysis
was conducted for several subdomains. Subdomains of cogni-
tive outcomes included: processing speed, attention and
executive function. Executive functions were further separated
into cognitive flexibility, working memory, and inhibition. The
subdomains of academic performance were grade point aver-
age, language and mathematics. Third, to control for depen-
dency between multiple outcome variables (e.g., accuracy and
reaction time) within a subdomain (e.g., processing speed), a
mean effect size was calculated across the related outcome
measures. Finally, heterogeneity was assessed using the X2
test and the I statistic. If study results were heterogeneous
(> > 50% or X? test p value <0.05), the calculated effect size
cannot be treated as estimate of a common effect size. In that
case, a moderator analysis was conducted to study possible
sources of the heterogeneity. Moderator analyses tested the
effects of study, sample and/or intervention characteristics. If
possible, moderator analyses were performed for type of inter-
vention, type of control condition, study design and way of
testing in academic performance. For each meta-analyses,
moderator analyses were only performed if each category of
the potential moderator was filled with at least three studies
(Borenstein et al,, 2011). If there were ten or more than ten
studies, and the moderator was a continuous variable, a meta-
regression was performed (Borenstein et al.,, 2011). This was the
case in acute interventions for age, percentage of boys, dura-
tion (min), intensity and dose (duration x intensity). For chronic
interventions, meta-regression analyses were performed for:
age, percentage of boys, duration (weeks), frequency (times
per week), dose (min per week), load (min per intervention)
and difference in physical fitness levels. The effect sizes were
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corrected for small sample bias (Hedges’ g) and reported with
95% confidence intervals (Cls). The magnitude of Hedges' g was
interpreted using Cohen’s guidelines, distinguishing between
small (<0.2), moderate (0.5), and large (>0.8) effect sizes (Cohen,
1988). Positive effect sizes favoured the exercise group while
negative effect sizes favoured the rest/control group. A random
effects approach was used to compute effect sizes. The pre-
sence of publication bias was assessed by using a funnel plot
and performing the Egger’s linear regression method. Statistical
significance was adopted for all tests when p < 0.05.

Results

The initial search in the databases netted 15,222 records. After
removing duplications and screening the titles, 427 papers were
eligible for further screening (see Figure 1). One hundred and
seventy papers were read full text and a further 99 papers not
meeting the inclusion criteria were excluded. In total 71 papers
were eligible for this review and meta-analysis. Overall, 44 stu-
dies (Aguirre-Loaiza et al., 2019; Akatsuka et al., 2015; Basso et
al, 2015; Benzing et al,, 2016; Browne et al,, 2016; Budde et al,,
2010, 2008; Chang & Etnier, 2009; Chang et al., 2011; Coles &
Tomporowski, 2008; Cooper et al., 2016, 2012; EW et al., 2011;
Guzman & Lépez-Garcia, 2016; Hwang et al.,, 2016; Hwang & Lu,
2018; Jaffery et al., 2018; Lambourne, 2012; Lambourne et al.,
2010; Ludyga, Pihse, et al., 2019; Mezcua-Hidalgo et al.,, 2019;
Moore et al., 2012; Murray & Russoniello, 2012; Palmiere et al.,
2018; Peruyero et al., 2017; Pontifex et al., 2009; Prashanth, 2020;
Du Rietz et al.,, 2019; Schwarck et al., 2019; Sipaviciené et al.,
2012; Sperlich et al., 2018; Takahashi et al., 2019; Tine, 2014; Tine
& Butler, 2012; Tsai et al., 2014, 2016; Tsorbatzoudis et al., 1998;
Tsukamoto et al., 2017; Van den Berg et al,, 2018; Vonk et al.,
2019; Wang et al., 2015; Whyte et al., 2014; Zhou & Qin, 2019;
Zimmer et al,, 2016) investigated the effects of acute physical
activity interventions, and 27 studies (Ardoy et al., 2014; Butzer
et al., 2015; Costigan et al., 2016; Duarte et al., 2020; Hagins &
Rundle, 2016; Heisz et al., 2017; Jeon & Ha, 2017; Johann et al,,
2016; Kauts & Sharma, 2009; Lennemann et al., 2013; Ludyga,
Gerber, Herrmann, et al.,, 2018; Ludyga, Gerber, Kamijo, et al.,
2018; Ludyga, Kochli, et al., 2019; Matthews et al., 2016; Pinto-
Escalona & Martinez-de-Quel, 2019; Purohit & Pradhan, 2017;
Sharma et al,, 2015; Sjowall et al., 2019; Spitzer & Hollmann,
2013; Stroth et al,, 2009, 2010; Subramanian et al., 2015; Tarp
et al,, 2016; Torbeyns et al., 2017; Venckunas et al., 2016; Woost
etal, 2018; Zheng et al,, 2015) investigated the effects of chronic
physical activity interventions.

Study characteristics

Taken together, the studies included 3544 adolescents and
2397 young adults. Academic performance was only assessed
in adolescents and not in young adults. Appendix B1 and B2
show the extracted details from the studies incorporated in this
meta-analysis, including: mean age, sample size, outcome
(measurement), in- and exclusion criteria and characteristics
of the tested intervention: type, dose, frequency, duration and
intensity.
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) flow diagram of each stage of the study selection.

Effects of physical activity interventions

The calculated effect sizes and heterogeneity statistics are
shown in Table 1 and Figures 2(a,b). Meta-analytic effects
were calculated separately for the acute and chronic interven-
tion studies. Furthermore, meta-analytic effects were calculated
for different subdomains of cognitive outcomes and academic
performance. As heterogeneity was present in executive

functions, this subdomain was further subdivided into cogni-
tive flexibility, working memory and inhibition.

Effects of acute physical activity interventions

Fourty-four studies (k = 91) examined the effects of acute
physical activity interventions on cognitive outcomes or
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Table 1. Meta-analytic results of the effects for physical activity interventions on cognitive outcomes and academic performance.

Meta-analytic effect size Heterogeneity
Outcome Sample size k Hedges' g 95%Cl p value % Q p value
Acute intervention
Cognitive outcomes 4938 91 0.312 [0.219,0.406] <0.001 64.9 256.5 <0.001
Processing speed 694 8 0.394 [0.072,0.716] 0.017 70.4 23.6 0.001
Attention 1123 18 0.340 [0.134,0.545] 0.001 66.6 50.9 <0.001
Executive functions 2893 63 0.294 [0.191,0.398] <0.001 63.0 167.4 <0.001
Cognitive flexibility 692 15 0.372 [-0.000,0.745] 0.050 82.7 81.1 <0.001
Working memory 680 12 0.140 [-0.106,0.386] 0.264 58.1 26.3 0.006
Inhibition 1479 35 0.319 [0.196,0.442] <0.001 38.0 54.8 0.013
Chronic interventions
Cognitive outcomes 4715 52 0.364 [0.254,0.473] <0.001 62.1 1349 <0.001
Processing speed 694 2 0.297 [0.148,0.446] <0.001 0 0.3 0.611
Attention 1063 1 0.499 [0.260,0.738] <0.001 68.6 319 <0.001
Executive functions 2671 34 0.354 [0.207,0.501] <0.001 60.2 82.9 <0.001
Cognitive flexibility 869 1 0.189 [0.049,0.329] 0.008 0.0 7.8 0.646
Working memory 699 14 0.587 [0.274,0.900] <0.001 68.9 41.8 <0.001
Inhibition 1103 9 0.155 [-0.050,0.361] 0.139 46.4 14.9 0.061
Academic performance 2127 15 0.338 [0.187,0.489] <0.001 62.6 37.7 0.001
GPA 262 4 0.201 [-0.044,0.446] 0.108 0 2.6 0.461
Language 347 5 0.310 [0.129,0.492] 0.001 0 2.2 0.818
Mathematics 1142 7 0.310 [-0.014,0.633] 0.061 779 27.2 <0.001

k, number of effect sizes; GPA, Grade Point Average.

academic performance. Only one study focused on academic
performance, while the other 43 studies focused on cognitive
outcomes. No meta-analysis was conducted for academic per-
formance. Overall, acute physical activity resulted in a moder-
ate effect on cognitive outcomes (Hedges's g = 0.31; 95% Cl
0.22 to 0.41). Heterogeneity in effect sizes was large (P = 64.9%,
p < 0.001). Further analyses distinguishing between core
domains of cognitive outcomes, showed a significant moder-
ately sized effect for processing speed (Hedges’s g = 0.39; 95%
Cl 0.07 to 0.72), a significant moderately sized effect for atten-
tion (Hedges's g = 0.34; 95% Cl 0.13 to 0.55) and, a significant
moderately sized effect for executive functions (Hedges's
g = 0.29; 95% Cl 0.19 to 0.40). Heterogeneity was large for all
three effects (see Table 1). A further distinction between execu-
tive functions yielded a significant moderately sized effect for
inhibition (Hedges's g = 0.32; 95% CI 0.20 to 0.44), but no effects
for cognitive flexibility (Hedges's g = 0.37; 95% Cl —0.00 to 0.75),
and working memory (Hedges’s g = 0.14; 95% Cl —-0.11 to 0.39).

Moderator analysis

Moderator analyses were performed for attention, cognitive
flexibility, working memory and inhibition because heteroge-
neity was present in these domains. Table 2 summarises the
results of these analyses.

Analyses with categorical moderators showed that the
effects of acute physical activity interventions was not signifi-
cantly different between RCT and cross-over studies in working
memory and inhibition. Furthermore, there was no significant
difference between studies contrasting the effects of acute
physical activity to a rest condition or a condition involving
some physical activity as a control condition. Other moderator
analyses could not be performed due to the small number of
studies available in the subgroups.

In the meta-regressions, longer duration of the intervention
was inversely related to the effects on attention (B = —0.021,
95% Cl —-0.04 to —0.01, p = 0.006) and cognitive flexibility
(B =-0.036, 95% Cl —0.06 to —0.01, p = 0.012). Duration of the

intervention was not significantly related to the effects for
working memory and inhibition. Furthermore, higher dose of
the intervention was inversely related to the effects of attention
(B = —0.00; 95% Cl —0.00 to 0.00, p = 0.028). Dose of the
intervention was not significantly related to effects for working
memory and inhibition. Age, percentage of boys and intensity
were not significantly related with the studies’ effect sizes for
any of the cognitive domains or there were too few to perform
the meta regression analyses.

Effects of chronic physical activity interventions

Twenty-seven studies examined the effects of chronic physi-
cal activity interventions on cognitive outcomes (k = 52) or
academic performance (k 15). Overall, chronic physical
activity interventions had a moderate effect on cognitive
outcomes (Hedges's g = 0.36; 95% Cl 0.25 to 0.47). There
was moderate heterogeneity in the individual studies’ effect
sizes (> = 62%, p < 0.001). Further analyses distinguishing
between core domains of cognitive outcomes showed three
significant moderately sized effects for: processing speed
(Hedges's g 0.30; 95% Cl 0.15 to 0.45), attention
(Hedges's g = 0.50; 95% Cl 0.26 to 0.74), and executive
functions (Hedges's g 0.35; 95% Cl 0.21 to 0.50).
Heterogeneity was large for all three effects (see Table 1). A
further distinction between executive functions yielded a
significant small sized effect for cognitive flexibility
(Hedges's g = 0.19; 95% Cl 0.05 to 0.33) and a significant
large sized effect for working memory (Hedges's g = 0.59;
95% Cl 0.27 to 0.90), but no effect for inhibition (Hedges's
g = 0.16; 95% Cl —0.05 to 0.36).

Furthermore, chronic physical activity interventions had a
significant moderately sized effect on academic performance
(Hedges’s g = 0.34; 95% Cl 0.19 to 0.49). Heterogeneity in effect
sizes was moderate (I° = 63%, p = 0.001). Further analyses
distinguishing between core domains of academic perfor-
mance showed a significant moderately sized effect for
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Group by comparison Study name_ Subgroup. Statistics for each study Hedges's g and 95% CI
Hedges's Standard Variance
SRk lower UBBer  Zualue  palue

Overall cognitive outcomes 0312 0048 0002 0219 0406 6522  0.000 i
Processing speed Du Rietz, 2019 0.080 0273 0075 -0.616 0455 -0294 0768 »

Processing speed Guzman, 2017 0206 0524 0274 -0.820 1233 039 0694

Processing speed Moore, 2012 0.072 0355 0126 -0.768 0625 -0201 0.840 5

Processing speed Moore, 2012 0.533 0362 0131 -1242 0176 -1472 0141 b

Processing speed Murray, 2012 088 0190 0036 0513 1258 4.656  0.000 — W
Processing speed Murray, 2012 0579 0485 0034 0216 0942 3128 0002 ——
Processing speed Murray, 2012 0852 090 0036 0480 1223 4493 0000 —
Processing speed Prashant, 2020 0645 0204 0041 0246 1044 3169 0002 B
Processing speed 0394 0164 0027 0072 0716 2396 0017 ——ii e
Attention Basso, 2015 0.645 0431 018 -1490 0200 -1497 0134

Attention Budde, 2008 0598 0204 0042 0197 099 2927 0003

Attention Chang, 2009 1 078 0507 0257 -0209 1776 1547 0122

Attention Chang, 2009 2 1040 0517 0266 0026 2054 2010 0.044

Attention Chang, 2009 3 0792 0504 0254 -0195 1779 1572 0.116

Attention Hwang, 2016 0268 0260 0088 -0.242 0778 1029 0303

Attention Hwang, 2018 0062 0278 0078 -0.606 0483 -0.224 0823

Attention Hwang, 2018 0122 0279 0078 -0.668 0424 -0437 0662

Attention Lambourne, 2009 0509 0323 0104 -1.142 0124 -1575 0115

Attention Mezcua, 2019 0669 0163 0027 0370 1009 4227  0.000
Attention Schwarck,2019 1 0288 0451 0204 -0.597 1172 0637 0524
Attention Schwarck, 2019 2 0288 0451 0204 -0597 1172 0.637 0.524

Attention Tine, 2012 0489 0158 0025 0179 0798 3.054 0002 ———
Attention Tine, 2014 1343 0239 0057 0842 1812 5620 0.000 —_
Attention Tsorbatzoudi, 1998 1 0257 0404 0163 -0.535 1.049 0636 0525

Attention Tsorbatzoudi, 1998 2 0226 0357 0127 -0437 0925 0633 0527

Attention van den Berg, 2018 018 0063 0004 0063 0310 2949  0.003 ——

Attention Whyte, 2015 0135 0310 009 -0473 0743 0435 0664

Attention 0340 0105 0011 0134 0545 3.238  0.001 I
Overall executive function 0287 0056 0003 0178 0397 5147 0.000 o
Cognitive flexibility Aquirre-Loaizaa, 2019 0370 0271 0074 -0.162 0902 1363 0.73

Cognitive flexibility Aquirre-Loaizab,2019 0053 0364 0132 -0.660 0766 0.146 0.884

Cognitive flexibility Basso, 2015 1325 0467 0218 -2239 0410 -2.839 0005

Cognitive flexibility Benzing, 2016 1 0471 0389 0135 -0249 1192 1282 0200

Cognitive flexibility Benzing, 2016 2 -0305 0360 0129 -1011 0400 -0.849 0398 2

Cognitive flexibility Coles, 2008 0144 0226 0051 -0299 0588 0637 0524

Cognitive flexibility Cooper, 2016 0000 0211 0045 -0.414 0414 0000  1.000 ———

Cognitive flexibility Hwang, 2016 0737 0269 0072 0212 1262 2750 0.006

Cognitive flexibility Jaffery, 2018 3287 0459 0210 2388 448  7.165  0.000

Cognitive flexibility Schwarck, 2019 1 0288 0451 0204 -0597 1172 0637 0524

Cognitive flexibility Schwarck, 2019 2 0288 0451 0204 -0597 1172 0637 0524

Cognitive flexibility Murray, 2012 1144 0196 0038 0760 1528 5842  0.000 o
Cognitive flexibility Tsai, 2014 0143 0271 0073 -0.388 0673 0527 0598

Cognitive flexibility Tsai, 2016 0140 0271 0073 -0.391 0670 0516 0.606

Cognitive flexibility Wang, 2014 0226 0375 040 -0.509 0960 0603 0547

Cognitive flexibility 0372 0190 0036 -0.000 0745 1958  0.050 | ———
Working memory Basso, 2015 0932 0443 0197 0063 1801 2101 0036

Working memory Basso, 2015 <1196 0450 0210 -2094 -0.290 -2.610 0.009

Working memory Budde, 2010 1 0170 0373 0139 -0450 0900 0456  0.648 &

Working memory Budde, 2010 2 0064 0366 0134 -0.780 0653 -0.174 0.862

Working memory Cooper, 2012 0711 0172 0030 0374 1048 4139  0.000 &
‘Working memory Cooper, 2016 0.099 0211 0045 -0316 0.513 0466 0.641 S

Working memory Hwang, 2018 0092 0752 0565 -1381 1566 0123 0902

Working memory Lambourne, 2012 0.214 0346 0119 -0.892 0463 -0.620 0535

Working memory Palmiere, 2018 0113 0167 0028 -0.215 0441 0675 0499 —_——
Working memory Pontifex, 2009 1 0453 0367 0135 -0267 1172 1233 0218

Working memory Pontifex, 2009 2 0169 0363 0132 -0544 0881 0464 0.642

Working memory van den Berg, 2018 0021 0133 0018 -0.282 0240 -0.156 0876 e

Working memory 0140 0125 0016 -0.106 038 1117 0.264 o

Inhibition Akasuta, 2015 0.003 0303 0092 -059 0591 -0.008 0.993

Inhibition Aquirre-Loaizaa, 2019 0317 0271 0073 -0214 0838 1171 0242

Inhibition Aquirre-Loaizab, 2019 0143 0364 0133 -0570 0857 0394 0.694

Inhibition Basso, 2015 0184 0420 0177 -0.640 1008 0439  0.661

Inhibition Benzing, 2016 1 0661 0372 0138 -0068 1391 1777 0076

Inhibition Benzing, 2016 2 0305 0360 0129 -0.400 1010 0848 0.39

Inhibition Browne, 2010 0711 0472 0030 0374 1048 4139  0.000

Inhibition Chang, 2009 1 0717 0504 0254 -0271 1705 1422 0.55

Inhibition Chang, 2009 2 0601 0501 0251 -0380 1582 1201 0.230

Inhibition Chang, 2009 3 0576 0497 0247 -0398 1550 1159  0.247

Inhibition Cooper, 2012 0195 0105 0011 -0010 0401 1861 0.063 ——

Inhibition Cooper, 2016 0080 050 0022 -0.214 0373 0533 0594 —————

Inhibition Du Rietz, 2019 0.084 0273 0075 -0.619 0452 -0.306 0760

Inhibition Du Rietz, 2019 0.066 0193 0037 -0.445 0313 -0342 0732 —_—

Inhibition Griffin, 2011 ©0.207 0328 0108 -0.851 0436 -0.632 0527

Inhibition Hwang, 2016 0624 0265 0070 0104 1145 2351 0019

Inhibition Lichtman, 1983 0452 0250 0063 -0.038 0942 1807 0071

Inhibition Ludyga, 2019 1 0554 0362 0131 -0155 1262 1531 0.126

Inhibition Ludyga, 2019 2 0000 0211 0049 -0434 0434 0000  1.000 —_——
Inhibition Palmiere, 2018 0016 0213 0045 -0.433 0401 -0.075  0.940 ——

Inhibition Peruyero,2017 1 0818 0268 0074 0293 1343 3.055 0.002

Inhibition Peruyero,2017 2 1565 0292 0085 0993 2137 5363  0.000

Inhibition Schwarck, 2019 1  0.288 0451 0204 -0597 1172 0637 0524

Inhibition Schwarck, 2019 2 0288 0451 0204 -0597 1172 0637 0524

Inhibition Sperlich, 2018 0120 0280 0078 -0.428 0669 0430 0667

Inhibition Takahashi, 2019 1 0198 0378 0143 -0542 0939 0525 0.599

Inhibition Takahashi, 2019 2 0543 0383 0147 -0209 1294 1416 0.157

Inhibition Tsukamoto, 2017 1 0204 0495 0245 -0.767 1175 0412 0681

Inhibition Tsukamoto, 2017 2 0553 0695 0484 -0.810 1916 0795 0426

Inhibition Vonk, 2019 0236 0297 0088 -0.346 0818 0794 0427

Inhibition Whyte, 2015 0845 0324 0105 0210 1480 2607  0.009

Inhibition Zhou, 2019 0467 0236 0056 0003 0930 1974 0.048

Inhibition Zimmer, 2016 1 0114 0358 0128 -0.58 0816 0319 0750

Inhibition Zimmer, 2016 2 0004 0358 0128 -0697 0706 0012 0990

Inhibition Zimmer, 2016 3 0149 0358 0128 -0553 0851 0416 0677

Inhibition 0319 0063 0004 0196 0442 5099  0.000 R

-1.00 -0.50 0.00 050 1.00
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Figure 2. (a) Forest plot for meta-analysis regarding the effect of acute physical activity interventions on different cognitive outcomes. (b) Forest plot for meta-analysis
regarding the effect of chronic physical activity interventions on different cognitive outcomes and academic performance.

language (Hedges's g = 0.31; 95% Cl 0.13 to 0.49), but no effects
for grade point average (Hedges's g = 0.20; 95% Cl —0.04 to
0.45) and mathematics (Hedges's g = 0.31; 95% Cl —0.01
to 0.63).

Moderator analysis

Moderator analyses were performed for attention, working
memory, and mathematics, since heterogeneity was present

in these domains. Table 2 summarises the results of the sub-
group analysis and the meta-regressions. None of the domains
had a sufficient number of studies to perform a subgroup
analysis (design, type of intervention, control condition or
way of testing in academic performance).

In the meta-regressions, percentage of boys was signifi-
cantly and inversely related to the effects of attention
(B =0.02; 95% Cl 0.00 to 0.03, p = 0.021) and working memory
(3 = 0.01; 95% CI 0.00 to 0.03, p = 0.033). Age, duration and
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Group by comparison Study name ___Subgroup Statistics for each stud Hedges's g and 95% CI
Hedges'sg Standard Variance Lower Upper Zvalue p-value
error limit ~ limit
Overall Cognitive outcome 0261 0039 0002 0184 0338 6628 0.000
Processing speed Sharma et al., 2015 0336 0108 0012 0124 0547 3.13 0002 -
Processing speed Sharma et al., 2015 0258 0108 0012 0047 0469 2401 0.016 ——
! e —

Processing speed Woost et al, 2018 0.079 0.273 0.075 0.457 0.614 0.288 0773
Processing speed 0.281 0.073 0.005 0.137 0.425 3.832 0.000 B
Attention Duarte, 2020 1048 0316 0100 0427 1668 3310 0001
Attention Lenneman, 2013 1.376 .344 0.118 0702 2050 4.000  0.000 3
Attention Lenneman, 2013 0.509 0.314 0.098 -0.106 1124 1623 0.105
Attention Pinto-Escalona, 2019 0.560 0.188 0.035 0.191 0.929 2.974 0.003 —_—
Attention Purohit, 2017 0914 0247 0061 0430 1397 3705 0.000
Attention Spitzern, 2013 0.188 0.298 0.089 0.396 0.772 0.632 0.528
Attention Spitzer®, 2013 0.517 0.222 0.049 0.083 0952 2334 0.020 —
Attention Stroth, 2009 0.686 0.378 0.143 -0.055 1428 1.815 0.070
Attention Subramanian, 2015 0.430 0.108 0.012 0.217 0.642 3.963 0.000 ———
Attention Torbyens, 2017 0.312 0.259 0.067 0.820 0.196 -1.204  0.229
Attention Zheng, 2014 0.064 0142 0020 0214 0342 0452 0652 —_——
Attention 0499 0122 0015 0260 0738 4088 0000 =gt
Overall executive function 0332 0074 0005 0188 0477 4503 0000 i
Cognitive flexibility Costigan, 2016 1 0.389 0.383 0.147 0.362 1140 1.014 0.310
Cognitive flexibility Costigan, 2016 2 0.628 0.385 0.149 0.128 1.383 1.629 0.103
Cognitive flexibility Johann, 2016 1 0.092 0.752 0.565 1.381 1.566 0.123 0.902
Cognitive flexibility Johann, 2016 2 0.180 0.438 0.192 0.679 1.038 0.410 0.682
Cognitive flexibility Matthews, 2016 0.856 0430 0185 0013 1698 1990  0.047
Cognitive flexibility Purohit, 2017 0.274 0236 0056 -0.188 0736 1162 0245
Cognitive flexibility Stroth, 2010 0422 0239 0057 -0.046 0890 1767 0.077
Cognitive flexibility Subramanian, 2015 0.093 0.107 0.011 0.117 0.303 0.869 0.385 ——
Cognitive flexibility Venckunas, 2016 0.482 0.489 0.211 0.418 1.381 1.050 0.294
Cognitive flexibility Venckunas, 2016 0.381 0.456 0.208 0.513 1276 0.836 0.403
Cognitive flexibility 0.235 0.080 0.006 0.079 0.391 2.956 0.003 . o
Working memory Jeon, 2017 1 0.839 0.634 0.402 0.404 2,081 1323 0.186
‘Working memory Jeon, 2017 2 1.498 0.679 0.461 0.167 2.829 2.206 0.027

Jeon, 2017 3 1372 0.669 0.447 0.061 2.683 2.051 0.040

Johann, 2016 1 -0.091 0.333 0.111 0.743 0.561 -0.274 0.784

Johann, 2016 1 0.417 0.335 0.112. -0.240 1075 1244 0.214

Johann, 2016 2 -0.061 0.329 0.108 0.706 0.584 -0.185 0.853

Johann, 2016 2 0.391 0.331 0.110 0.259 1.040 1179 0.238

Lennemann, 2013 2.461 0.411 0.169 1.655 3.267 5.985 0.000

Ludyga, 2018 0.360 0.384 0.148 0.393 1113 0.937 1349
‘Working memory Purohit, 2017 0.139 0.235 0.055 0.223 0.700 1.014 0.310
‘Working memory Purohit, 2017 1.109 0.252 0.064 0.615 1604  4.399 0.000 —_—
Working memory Sjdwall, 2019 0.505 0.164 0.027 0.184 0.825 3.086 0.002 ——
Working memory Stroth, 2010 0.290 0.237 0.056 0.175 0.756 1222 0.222
Working memory Venckunas, 2016 0.101 0.452 0.204 -0.785 0.987 0.223 0.824
Working memory 0.587 0.160 0025 0274 0900 3677  0.000 e ——
Inhibition Johann, 2016 0.257 0.334 0.111 0.911 0.397 -0.771  0.441
Inhibition Johann, 2016 -0.211 0.330 0.109 0.858 0.435 0.642 0.521
Inhibition Ludyga, 2018 0.316 0.359 0.129 -0.387 1.019 0.881 0.378
Inhibition Ludyga, 2019 0974 0.351 0.123 0.285 1.662 2771 0.006
Inhibition Purohit, 2017 0533 0239 0057 0065 1001 2232 0.026
Inhibition Sjowall, 2019 0.000 0.161 0026 -0316 0316 0000  1.000 ey e
Inhibition Stroth, 2010 0.306 0.238 0.056 0.160 0.772 1.288 0.198
Inhibition Tarp, 2016 0.026 0090 0008 0201 0149 -0291 0.771 —
Inhibition Torbeyns, 2017 0.146 0272 0074 0387 0678 0537 0501
Inhibition 0.155 0.105 0.011 0.050 0.361 1.480 0.139 - e
Academic performance 0338 0077 0006 0187 0489 4387  0.000 P
Grade point average Ardoy, 2014 0.067 0390 0152 -0.697 0832 0173 0.863
Grade point average Ardoy, 2014 0.399 0403 0162 0391 1189 0990 0322
Grade point average Butzer, 2015 0.420 0.206 0.043 0.016 0.825 2.037 0.042
Grade point average Hagins, 2016 0.003 0.190 0.036 0.369 1189 0.990 0.322 — '—
Grade point average 0.201 0.125 0.016 -0.044 0446 1.605 0.108 ~Snmi——
Language Ardoy, 2014 0.412 0.394 0.155 0.360 1184 1.046 0.295
Langusge Ardoy, 2014 0310 0402 0131 0476 1097 0773  0.439
Langusge Pinto-Escalona, 2019 0477 0187 0035 0110 0844 2549 0011 RN E—
Langusge Spitzer®, 2013 0378 0213 0045 0039 0795 1778 0.075
Language Spitzer®, 2013 0138 0155 0024 0165 0441 0890 0373 N
Language Torbeyns, 2017 0.339 0.299 0.089 0.247 0.924 1.134 0.257
Language 0310 0.093 0.009 0.129 0.492 3.348  0.001 _‘__
Mathematics Ardoy, 2014 0.236 0.391 0.153 0.532 1.003 0.602 0.547
Mathematics Ardoy, 2014 0.188 0.400 0.160 0.596 0972 0.469 0.639
Mathematics Kauts, 2009 0.710 0.119 0.014 0.477 0943 5.964 0.000
Mathematics Spitzer’, 2013 0.188 0.298 0089 039 0772 0632 0528 T
Mathematics Spiuerb, 2013 0.696 0.224 0.050 0.256 1136 3.100 0.002
Mathematics Tarp, 2016 0.011 0.087 0.008 0.160 0.181 0.121 0.904
Mathematics Torbeyns, 2017 -0.021 0.296 0.088 0.602 0.559 -0.073  0.942 ——
Mathematics 0.310 0.165 0.027 -0.014 0633 1875 0.061

—eeli—t—
-1.00 -0.50 0.00 0.50 1.00

Figure 2. (Continued).

frequency were not significantly related with the studies’ effect
sizes in attention. There were not enough studies reporting
dose, load and difference physical fitness to calculate their
relation to the effect on attention. For working memory, age,
duration, frequency, dose and load were not significantly
related with the studies’ effect sizes. There were not enough
studies reporting difference in physical fitness to calculate the
relation to working memory’s effect size. Finally, meta-regres-
sion analysis could not be performed for mathematics due to
the small number of studies available.

Risk of bias

Risk of bias was assessed using the Cochrane risk of bias tool and
the results are summarized in Figure 3. First, selection bias was
assessed by sequence generation and allocation concealment.
Most of the included studies (63.0%) did not provide a sufficient
description of the process of sequence generation which made it
impossible to assess the risk of bias. Therefore, these studies
were judged as having an unclear risk of bias for sequence
generation. In addition, the majority of the studies (65.8%) did
not describe the allocation concealment and were consequently
judged as having high risk of bias. Second, performance bias was
assessed by blinding the researchers and blinding those who

Favours control Favours intervention

delivered the intervention. In most studies it was not possible to
blind researchers and those involved in delivering the interven-
tion (91.8% and 97.3% respectively), therefore most studies were
scored as having a high risk of bias. Third, detection bias was
assessed by blinding the researchers during the measurements.
In most studies this was not reported and scored as high risk of
bias (84.9%). Fourth, the attrition bias was assessed by risk of bias
due to incomplete data and was scored as low risk in most
studies (82.2%). Fifth, reporting bias was assessed by the risk of
bias due to selective reporting and this was judged as not
available in most studies (87.7%). Sixth, no other sources that
could have caused bias were observed.

Publication bias

The funnel plot and the Egger’s regression procedure indicated
that there was neither evidence for publication bias for any of
the outcome measures in the acute intervention studies
(p = 0.653) nor for any of the academic performance in the
chronic intervention studies (p = 0.926). However, the funnel
plot and the Egger’s regression procedure indicated that there
were indications for the presence of publication bias for the
cognitive outcome measures in the chronic physical activity
intervention studies (p = 0.007), see Appendix C. Therefore,
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Table 2. Results of moderator analyses and meta-regression analyses.

ACUTE INTERVENTIONS

Attention
Continuous moderator Level No. of studies B 95% Cl 12% Q df p-value
Age, years 12.3 to 26 18 -0.026 [-0.074,0.023] 68.3 1.1 1 0.300
Boys, % 40.0 to 100 18 —-0.008 [-0.011,0.009] 68.4 0.0 1 0.869
Duration, min 5to 60 18 -0.021 [-0.035,-0.006] 56.3 74 1 0.006
Intensity, bpm 94.9 to 188 13 —0.004 [-0.013,0.006] 61.6 0.5 1 0.473
Dose (min x bpm) 889 to 9678 13 -0.000 [-0.000,0.000] 50.5 4.9 1 0.028
Cognitive flexibility
Continuous moderator Level No. of studies B 95% Cl 12% Q df p-value
Age, years 12.6 t0 23.6 15 0.030 [-0.079,0.140] 83.3 0.3 1 0.589
Boys, % 20.5 to 100 13 -0.011 [-0.025,0.004] 84.5 2.2 1 0.141
Duration, min 5 to 60 15 —-0.036 [-0.064,-0.008] 823 6.3 1 0.012
Working memory
Categorical moderator Level No. of studies Cohensd 95% Cl Q df p-value
Design Cross-over RCT 7 0.196 [-0.054,0.446] 0.3 1 0.568
5 -0.013 [-0.685,0.659]
Continuous moderator Level No. of studies B 95% Cl 12% Q df p-value
Age, years 12.3 to 22.21 12 -0.018 [-0.082,0.046] 61.3 0.3 1 0.582
Boys, % 33.3t0 57.1 12 —-0.015 [-0.046,0.015] 50.2 1.0 1 0.327
Duration, min 10 to 60 12 -0.005 [-0.011,0.020] 54.8 0.3 1 0.577
Intensity, bpm 123 to 181 10 —0.004 [-0.012,0.019] 62.2 0.2 1 0.627
Dose (min x bpm) 1486 to 9680.4 10 0.000 [-0.000,0.000] 58.9 0.2 1 0.628
Inhibition
Categorical moderator Level No. of studies Cohen s d 95% Cl Q df p-value
Design Cross-over RCT 15 0.312 [0.099,0.525] 0.0 1 0.866
20 0.334 [0.189,0.480]
Type of control group Waiting list 3 0.089 [-0.316,0.494] 13 1 0.252
Rest 32 0.338 [0.207,0.469]
Continuous moderator Level No. of studies B 95% Cl 12% Q df p-value
Age, years 12.6 to 26 35 —-0.011 [-0.041,0.018] 39.6 0.6 1 0.448
Boys, % 10 to 100 33 -0.003 [-0.008,0.002] 41.6 14 1 0.238
Duration, min 5 to 60 35 —0.001 [-0.012,0.009] 39.8 0.1 1 0.800
Intensity, bpm 94.9 to 188 21 -0.003 [-0.008,0.003] 0.0 0.9 1 0.342
Dose (min x bpm) 940 to 9680.4 21 0.000 [-0.000,0.001] 0.0 0. 1 0.642
CHRONIC INTERVENTIONS
Attention
Continuous moderator Level No. of studies B 95% Cl 12% Q df p-value
Age, years 12.4 to 26 1" 0.016 [-0.037,0.070] .7 0.4 1 0.547
Boys, % 32.1to 70.7 10 0.018 [0.003,0.034] 51.2 53 1 0.021
Duration, weeks 1to 26 1" -0.029 [-0.062,0.004] 68.7 29 1 0.087
Frequency, days/week 2t05 1 —-0.138 [-0.345,0.070] 68.7 17 1 0.194
Working memory
Continuous moderator Level No. of studies B 95% Cl 12% Q df p-value
Age, years 12.45 to 26 14 -0.000 [-0.066,0.066] 71.2 0 1 0.995
Boys, % 14.7 to 100 14 0.014 [0.001,0.027] 64.2 4.5 1 0.033
Duration, weeks 6to 17 14 0.013 [-0.077,0.104] 71.3 0.1 1 0.772
Frequency, days/week 2to5 14 0.147 [-0.155,0.448] 70.0 0.9 1 0.400
Dose, min per week 90 to 360 12 0.001 [-0.001,0.003] 39.2 1.0 1 0.329
Load, min per intervention 540 to 4320 12 0.000 [-0.000,0.000] 36.6 1.6 1 0.202

bpm, beats per minute; RCT, Randomized controlled trial.

the observed associations between the chronic physical activity
interventions and cognitive outcomes may be overestimated.

Discussion

This meta-analysis investigated the effects of acute and chronic
physical activity interventions on cognitive outcomes and aca-
demic performance in adolescents and young adults. Results of
the meta-analysis showed that acute physical activity interven-
tions have a positive effect on attention, processing speed and

inhibition. Furthermore, the meta-analysis showed that chronic
physical activity interventions have a positive effect on processing
speed, attention, cognitive flexibility, working memory and lan-
guage, where the largest effect was found on working memory.

Interpretation

Most of the conducted meta-analyses showed large or medium
heterogeneity between the individual studies’ effect sizes.
Therefore, the findings should be interpreted with caution.
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Figure 3. Analysis of the risk of bias in included studies in accordance with the cochrane collaboration guidelines.

We investigated potential sources of heterogeneity by perform-
ing several meta-regression analyses and subgroup analyses.
Some remarkable findings and possible sources of heterogene-
ity will be discussed.

An interesting finding of this meta-analysis is the beneficial
effect of chronic physical activity interventions on cognitive
outcomes and especially on the core domains working memory
and cognitive flexibility. Our findings confirm the results of
Rathore & Lom (2017) who also found positive significant effect
sizes for working memory and those of De Greeff et al. (2018)
who found positive results for working memory and cognitive
flexibility, but not in inhibition. However, our findings differ
from the meta-analytic results of Xue et al. (2019), who showed
positive effects on inhibition, but not on working memory or
cognitive flexibility and of Alvarez-Bueno et al. (2017), who
showed positive effects on inhibition, but not on working
memory or cognitive flexibility. Overall, the previous meta-
analytic studies were inconsistent in their findings. Probably,
these divergent findings have emerged because these meta-
analyses included mostly pre-adolescent children or older
adults and almost no adolescents or early adulthood subjects.
The transition from childhood to adulthood starts with physical
changes and hormonal changes. These changes start in late
childhood or in early adolescence, also referred to as early
puberty, and continue into early adulthood (Malina et al.,
2004). In the later-puberty, rapid development of the prefrontal
cortex takes place which may make this structure especially
sensitive to the effects of interventions, like physical activity
interventions, compared to other developmental stages (Lebel
et al, 2008). Moreover, the transition from childhood into
adulthood is characterised by a marked decrease in physical
activity and an increase in sedentary behaviour (Corder et al.,
2017; Hardy et al., 2007; Kimm et al., 2000). The low levels of
physical activity in adolescents might make physical activity
interventions result in relatively large increases in physical
activity in later-puberty than in pre-adolescent children.
Concluding the current meta-analysis is the first to include a
substantial number of studies investigating the effects of
chronic physical activity interventions in adolescents and

young adults which might explain the different conclusion
reached as compared to previous reviews.

Another interesting finding was that chronic physical activ-
ity interventions were found to have a moderately sized bene-
ficial effect on academic performance. Further analyses showed
that a chronic intervention can positively affect language, but
not grade point average or mathematics. This is slightly differ-
ent from a previous meta-analysis, which showed positive
effects on science, including mathematics, but not on language
or grade point average (Spruit et al.,, 2016). In another meta-
analysis, positive effects on language as well as on mathematics
were found (Alvarez-Bueno, Pesce, Cavero-Redondo, Sanchez-
Lépez, Garrido-Miguel et al., 2017). However, in that meta-
analysis mainly preadolescent children were included. Only 3
out of 25 studies were conducted in similar age ranges as
included in the current meta-analysis (12-30 years). While in
the age range of 12-18 years a lot of behavioural changes take
place that stay present in adults (Cluskey & Grobe, 2009). If
more studies are conducted in adolescence a more clear effect
with possibly less heterogeneity will be visible in this age.
Heterogeneous results between studies in this meta-analysis
can possibly be explained by the fact that mostly school grades
were used as outcome measure instead of standardized tests.
School grades are less objective and comparable with other
studies than standardized tests, because they depend on the
topic discussed in that period and sometimes the grade is
awarded subjectively by the teacher. Furthermore, it should
be noted that academic performance was only measured in
adolescents and not in young adults, so findings cannot be
generalized to young adulthood. Moreover, the oldest mean
age was 15.3 years. In sum, findings for the effects of chronic
physical activity interventions on the subdomains of academic
performance are inconsistent and more research is warranted,
especially with standardized tests.

This meta-analysis showed significant effect sizes after a
chronic intervention but not after an acute intervention on cog-
nitive flexibility and working memory. While chronic interventions
showed a large effect size, acute interventions yielded small or
non-significant effects, suggesting that only chronic physical
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activity interventions may affect cognitive flexibility and working
memory. One possible explanation for this difference in effect
sizes is that different underlying mechanisms operate in acute
and chronic interventions. It is suggested that physical activity,
for example, facilitates working memory by increasing the effi-
ciency of evaluating the stimulus (Chang et al., 2013). Underlying
processes that could increase this efficiency are neurogenesis and
synaptogenesis, which are related to chronic interventions
(Hillman et al., 2015). In the review of Gomez-Pinilla & Hillman
(2013) brain-derived neurotrophic factor (BDNF) is suggested to
be an important initiator of synaptic plasticity. Exercise influences
the production of BDNF in the area critical for learning and
memory. After acute interventions, BDNF levels are increased for
a short time period and could explain increased levels of arousal,
attention and effort, which positively influences the performance
on cognitive tasks (Kashihara et al., 2009; Tomporowski, 2003).
However, after a chronic intervention BDNF levels stay increased
and therefore have a structural effect on neurons, like neurogen-
esis and synaptic plasticity. It seems that the underlying process
like synaptogenesis, neurogenesis and synaptic plasticity are the
underlying mechanisms of improved cognitive flexibility and
working memory.

A remarkably large difference between acute and chronic
physical activity interventions was found on working memory.
Sample and study characteristics might explain the discrepant
findings for this difference in effect size. Sample characteris-
tics sex and age were tested as possible moderators. Sex did
differ between the two types of studies: in chronic interven-
tions, effects were stronger for studies with a high percentage
of boys compared to low percentage of boys, while no differ-
ence in the effects for high and low percentage of boys was
found in acute studies. This may have been due to differences
in compliance (boys may have been more active in chronic
studies) or stage of maturation. Moreover, during puberty
physical activity patterns change, earlier in girls than in boys
(Bacil et al., 2015). Due to the difference in time onset of
physical activity changes and biological differences, boys
have probably a better maximum oxygen uptake and are
more active during and outside the intervention time, which
will lead to a more pronounced effect on cognition in boys
compared to girls. However, information about adherence
and compliance in the intervention and the maturation was
not always reported in the studies and therefore we cannot
say whether this is the case. Therefore, it is suggested for
future studies to measure compliance, adherence and matura-
tion of boys and girls when conducting an intervention study.
Next to sex, age was also tested as a moderator, however age
had similar effects in acute versus chronic studies, and could
therefore not explain the difference between chronic and
acute studies. The used measurement instrument is an exam-
ple of a study characteristic that could explain the discrepant
findings. However, the conflicting findings do not seem to be
related to differences in the measures used to assess working
memory: for both acute as well as chronic intervention stu-
dies, similar instruments were used to measure working mem-
ory in the included studies. The majority of the studies used
the Digit Span test or the N-back test. Therefore, it seems
unlikely that the type of measurement instrument has con-
tributed to the different results.

Furthermore, the type of interventions that were delivered
seem to differ between acute and chronic studies. In acute
intervention studies only aerobic or resistance exercises were
given, but in chronic studies also yoga and cognitively challen-
ging exercises were given besides or instead of the aerobic
exercises. In cognitively challenging interventions the motor-
cognition network might play a role in the improvement of the
executive functions. This network is supported by the recruit-
ment of neural regions during performance of motor tasks,
which are typically associated with cognitive operations such
as the dorsolateral prefrontal cortex and the neo-cerebellum
(Ludyga et al., 2016). During physical activity, cognition may or
may not be challenged by performing (increasingly) difficult
movements or by increasing rules or the number of objects to
be handled in an exercise (Tomporowski et al, 2015). We
assume that in particular these characteristics of exercises chal-
lenge the motor-cognition network and this might explain the
different results found in working memory. There were too few
studies to examine whether cognitively challenging interven-
tions have a different effect on executive functions compared
to other types of physical activity interventions, but results of
meta-analyses in preadolescent children support this hypoth-
esis (De Greeff et al., 2018; Vazou et al., 2019). In sum, chronic
intervention studies seem more promising to improve working
memory than acute interventions in adolescents, however, it is
not clear what causes this difference.

Findings in our meta-regression revealed that, in acute inter-
vention studies, intervention effects were smaller with longer
duration for attention and cognitive flexibility. Between studies,
duration of interventions varied between 5 and 60 minutes. This
finding suggests that a short bout of physical activity is more
effective than longer bouts of physical activity to improve cog-
nitive functioning. However, studies did not investigate the opti-
mal intervention length, nor the persistence of the observed
beneficial effects on cognitive functions. In the meta-analysis of
Ludyga et al. (2016) it was suggested that short aerobic exercise
bouts of moderate intensity restore cognitive resources, a finding
that is in line with our results. Furthermore, it could be that with
increasing intervention duration, participants get more
exhausted, which in turn would have a negative effect on task
performance after a long intervention session. In sum, it seems
that a short acute physical activity intervention is more efficient
than a long bout of acute physical activity intervention to
improve cognitive functions. Further research is needed to inves-
tigate the optimal duration of an acute physical activity interven-
tion and to investigate how long positive effects remain after an
acute bout of physical activity.

Strengths and limitations

One strength of this meta-analysis is the inclusion of both
adolescents and young adults, since these age periods reflect
a period of rapid maturation of the brain, with most prominent
changes in the prefrontal cortex (Lebel et al., 2008). Moreover,
the transition to adulthood often concurs with life changes,
that influence health related behaviours, like behaviour
changes in a new environment, with changing social contacts
and support (Cluskey & Grobe, 2009; Horn et al., 2008). Another
strength is the inclusion of studies with a RCT or cross-over



design only and the exclusion of observational and cross-sec-
tional studies. This strict inclusion increases the reliability of the
causal effects of physical activity interventions on cognitive
functions and academic performance. Finally, we conducted a
risk of bias assessment to get more insight in the methodolo-
gical quality of the included studies. A limitation of this review
was that we could not perform all subgroup-analyses and
meta-regression analyses due to the small number of studies
available. Furthermore, for chronic intervention studies, we
were neither able to perform meta-regression analyses to
study the effects of total load (intensity x dose) nor to study
the effects of improvement on physical fitness, because most
studies did not report intensity levels. Another limitation is the
possibility of publication bias in the studies investigating
chronic physical activity interventions. Lastly, cognitive out-
comes were measured across studies using a wide variety of
measurement instruments, which could have contributed to
the heterogeneity in the meta-analyses.

Conclusion

In conclusion, this meta-analysis demonstrates that there are
positive effects of physical activity interventions on cognitive
outcomes in both acute and chronic studies in adolescents and
young adults. Furthermore, this meta-analysis demonstrates a
positive effect of physical activity on academic performance
within the language domain, but not on grade point average or
mathematics, in adolescents. Additionally, this study shows
that in acute interventions shorter bouts of exercise appear to
be more effective than longer bouts of exercise for improving
cognitive outcomes. Finally, both acute and chronic interven-
tions seem promising to improve cognitive outcomes and aca-
demic performance in adolescents and young adults. However,
chronic physical activity interventions seem to have larger
effect sizes on a broader range of cognitive outcomes than
acute physical activity interventions. So in practice it is recom-
mended to implement chronic physical activity interventions
instead of acute physical activity interventions when possible.
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Appendices

Appendix A. Search Strategy MEDLINE

(“Young Adult”[Mesh] OR “Adolescent”[Mesh] OR young adult*[tiab] OR ado-
lescen*[tiab] OR youth[tiab] OR teens[tiab] OR teenager*[tiab] OR girl*[tiab] OR
boy*[tiab] OR pubert*[tiab] OR ((high[tiab] OR middle[tiab] OR secondaryl[tiab])
AND school*[tiab]) OR (young*[tiab] AND (people[tiab] OR person*[tiab])))

AND

(“Physical Education and Training”[Mesh] OR “Motor Activity”[Mesh:NoExp]
OR “Exercise”[Mesh] OR “Athletic Performance”[Mesh] OR “Exercise
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Therapy”[Mesh] OR “Exercise Movement Techniques” [Mesh] OR physical
activ*[tiab] OR yoga [tiab] OR ((physical[tiab] OR aerobic[tiab] OR chronic
[tiab] OR acute[tiab]) AND exercis*[tiab]) OR ((exercis*[tiab] OR fitness[tiab])
AND (training[tiab] OR intervention*[tiab] OR program*[tiab])) OR move-
ment intervent*[tiab] OR movement program*[tiab] OR strength training
[tiab] OR circuit training[tiab])

AND

(“Executive Function”[Mesh] OR “Attention”[Mesh] OR “Cognition"[Mesh:
NoExp] OR “Problem Solving”[Mesh] OR “Inhibition (Psychology)”[Mesh] OR
“Memory”[Mesh] OR “Academic Performance”’[Mesh] OR executive function*
[tiab] OR executive control*[tiab] OR attention[tiab] OR cognit*[tiab] OR inhibi-
tion[tiab] OR working memory(tiab] OR planning][tiab] OR set shift*tiab] OR
processing speed[tiab] OR processing time[tiab] OR ((academic[tiab] OR school
[tiab]) AND (achiev*[tiab] OR perform*[tiab] OR skill*[tiab] OR competen*[tiab]
OR behavio*[tiab] OR engagement[tiab])) OR academic outcome*[tiab] OR
learning outcome*[tiab] OR languageltiab] OR spelling[tiab] OR reading com-
prehen*[tiab] OR math*[tiab] OR science[tiab] OR grade point*[tiab])

AND

(“Controlled Clinical Trial” [Publication Type] OR randomi*[tiab] OR ran-
domly[tiab] OR control group*[tiab] OR groups[tiab] OR trial[ti] OR control
condition*[tiab])


https://doi.org/10.3389/fpsyg.2019.02547
https://doi.org/10.1007/s00421-016-3456-1
https://doi.org/10.1007/s00421-016-3456-1

2652 B. F. HAVERKAMP ET AL.

(panunuod)

(dwn asuodsal) Jawely ISDIDXD (8007)
JO %SeY YIys [ensiA AN[IqIxay aAubod) 159y UN of (81) ™ |ewXew 10} UOIIDIPRIIUOD (BLISIID UOISN|IX] 19A0 S50 9OLF T ‘e 13 $9]0D
Jiqolay wdq S| ueawyH 0€¢ (02) o3
(spuodas (L1102
‘3WI} UOIINJAXI) UOPUOT JO Jamo] :buluue|d 159y wdq g/ ueawyH o€ (z0) ™ D-4Vd JO LI 3y} 199W :BLISIID UOISN|dU] 104 0CFETW ‘le 1@ Buey)
aduelsisay 9€1l UesWyH 0€ (£1) €93
duelsisay wdq 91| ueawyH 0€ (91) 793
dduelsisay wdq g6 uedWYH 0€ (91) 193
(¥ [_M3 Ul SI9MSUR 133110D) (6002)
ysey uonippe |euas A1oypny pased 191u13
:UOIIUANY {(SpU033s) doouis :uoniqiyu) 159y wdq 6/ ueawyH o€ (o1) » D-4Vd JO LI 3y} 199W :BLISIID UOISN|dU] 104 TEF 09T pue buey>)
Jlqoisy wdq 091 ueawyH Cl (02) 793
Jlqoisy wdq 7| ueawyH 4% (81) 193 saduelsqgns
(s4omsue 123110 Jo andeoydAsd Jo syuawiiedw [edisAyd Jo (0L027)
Jaquinu) ueds 161q 19137 :K1ows|y Buppopm 159y wdq 98 ueawyH 4! (12) 9 [eIUBW ‘GZ< NG ‘BIX3ISAP :eLISMID UOISN|IXT 1Dy SOF vl ‘[e 12 appng
Juswabebua dnHubo) wdq gzl ueawyH oL (L¥) O3
AuAnde (8002)
159)-( :uonuaNYy awos wdq zz| ueswyH oL (zs) /> GZ< |G Jo eIxa|sAp :eLd)Ld uoisnx] 108 80 F 991 ‘e 32 appng

SUOIIRDIPUIRIIUOD dAIIUDOD

1o [ed160joydAsd “Jojowoinau ‘jedtulpd
10 ‘sapyjIgesip [enydd|a3ul 4o [edisAyd
eI UOISN|IXT *(F—¢ sabeis Jauue])
JJeuagnd, se payissep aq 03 ‘D-Yyd Y3

J1qoJay wdq 9| ueawyH 0€ (02) o3 JO LIS 3y} 193W ‘spiods JejndLINdeIIXd
ul aAde A|edisAyd aq 03 ‘Juswssasse (9107)
(dw1y uonoeal) ysey doons :uonigqIyu| 159y wdq |8 ueawyH o€ (02) ™ 9Y} pudlie O} 3|e|I_AR (BLIAYLID UOISNDU|  JIAO SSOID gL FEL ‘e 19 aumoig
lqoley wdq zG1 ueawyH Sl (€2) 791
s}nsai Juswabebus
(s123fqo paeald jo Jaquinu) aAHubo) wdq || uesawyH Sl (12) 193 Apnis 1o A31631ul 1P3(gNs 9Y3 1Da4e pjnom
43)%-a Aupqixay aamubo) ((s1alqo 1By} UOIIPUOD [eIIP3aW JO ‘|eyuswdolaAap (9102)
pa3eald jo Jaquinu) 43y-Q :uonIqIyu| 159y wdq 78 ueawyH Sl (1) ‘|e2160]0IN3U tRLRID UOISN|PXT 1D4 80'L F LS¥L  |e 12 buizuag
(g [ew3 919]dwod 03 Spuodas) 353 Bunjepy ‘welboud aspiax
[tea] :Aupiqixal aAubo) {(piemypdeq d1qosae ue ul dedpiyed A|ajes 01 sjqeun
pue piemioy JO |e10) ‘SI9IMSUR 1331100 10 ‘uonubod 179jJe 0} UMOUY UOIIRIPAW
40 Jaquinu) 1s9] ueds ubIQ ‘(siamsue ‘uonipuod |ed1bojoinau Jo dulelydAsd
1231102 JO Jaquinu) 153] S911I|ePO J1qoJay wdq 19| ueawyH 09 (€¥) D3 pasoubelp e ‘asnge joyodje 4o bnip jo
161 joquifs :K1owspy Buppom £10351y uasaid Jo ysed e ‘syyuow 9 Joud (S5102)
!(9103s 9dUIBHIUI) Yse} dooI3S uomqIyu| 159Y N 09 (zv) ® 3y} ulynm A19bins Jofew :eLd3d UOISNPXI 104 AR A arad ‘e 13 osseg
lqoley wdq €pL ueaWYH 0€ (92) o3 swa|qo.d
(Spu023s) 1591 bunjew [1ea] AujIqIxa Jejnaseaolpied ‘A10juaAu| uoissaidag (6102) e 19
9AIIUBO) {(Spuodas) doons :uoniqiyul 159y N o€ (L) ™ 3299 Y} UO QE< D40DS :BUIILID UOISNIXT 1O4 gL F9L7 ezieo]-auinby
Jlqoley wdgq £€1 uedWYH 94 (0€) o3 swajqoid
(Spu023s) 1591 bupjew [1ei] A|IqIxay Jejnaseaolpled ‘A103uanu| uoissaidag (6102) e 1
aAIIubo) {(spuodas) doons :uoniqiyu) 159y UN St (0€) ™ 323g 3Y} UO (€< 10DS :BLIDIID UOISN|DXT 104 GTF /.07 ezieol-auinby
dlqoIRy axelul uabAxo %05 Sl (o) o3
(Aoeindoe 95e3sIp [e2160[0IN3U (RUAIID (5102)
pue 3wl uoldeal) ysel ob ou-oo :uonigIyu| 159y UN 0z (o) ™ uolsn|dx3 ‘papuey Wb :eLAD UOISNPU]  JIAO SSOID 861 ‘e 19 eynsieyy
(39eueA yuapuadap) UOIUIAIRII Ausuaqu (unw) (u) dnoug B1ISLID UOISNIXd pue -u| ubisap Apms (as ¥ Jloyiny
SJUSWINJISUl pUB SINSeIW SWO0dINQO pue o1} uoneing ) sieak ‘aby
-uod jo adA]

suonuaidiul Kyande jesisfyd aynde jo sonsualdeieyd Apnis °Lg xipuaddy



JOURNAL OF SPORTS SCIENCES 2653

(panunuo)d)

UOISIA [ewlou
0} P3173.40D 0 [RWIOU :BLISIID UOISN|dU|
*351D19X3 SNOJOBIA 0} UodIpRIIUOD AUue

J1qoJay ploysaJyl A1e[1nuan %06 09 (S1) o3 10 ‘uonpuNy WIISAS snoAdu Bupuanpyul
ddouewopad uol1edIPaW ‘9seasIp JejndseAolpled (z107)
uoneUIWLSIP [ensiA (paads buissadold 159y N 09 (s1) D 10 [e2160]0IN3U :RUIIID UOISN|PXT 1D4 44 ‘|e 39 100\
plle[JEYY wdq /G| ueswyH (/Y4 (£2) O3 spods aAIRdWod 4o gnjd Jods [e1dLYyo ue
ul bunedpiued “as1p1axa |ed1sAyd asualul (6L07) ‘|e
Auanoe 10 A11eD 0} SUOIIIPRIIUOD [edIPAW 19 objepiH
1591-7( :UONUANY ‘1531 Doy pe :Klowa|y awog wdq |6 ueawyH 0z (18) ® 1o suoriewi| |ed1sAyd :elsuld uoisnPx3 104 6L F90¥L -endZa
puey ay3 jo saunful
J1qoJay wdq 5| ueawyH 0z (z€) o3 10 SJ9PJOSIP [eIUSW 10} UOIIRIIPIW
J1qoJay wdq €p| ueawyH 0z ¥€) 193 :BLIRIID uoIsNPX] "3 ul abebus
AlIns 01 AXjIge 3Y) PUE UOISIA [eWIOU (6107) ‘[e 39
¥se} Jayuel4 :uoIHqgIyu| 159y wdq 88 ueawyH (Y4 (82) ™ 0} P31731103 10 [RWIOU :BLS}IID UOISN|dU] 104 [0F Oyl 9synd ‘ebApn
judwWaInseaw Jo Aep ay} Uo uoledIPIW
Jlqolsy pPloysaiyy Aiejiuan %06 13 (91) 93 10 3UI}4ed JO S)eIul (eLSIMS UOISN|DXY (¢100)
yse] ueds uopesadQ :Kiows|y Buppom 159y N (4 (91) ® o9Mm e sAep € 1sed| 1e yd :eldlld uoisnjdu| 190 S50 60F L'LT auinoquie
Jlqolsy wdgq g1 uedWYH (014 (61) O3 alleuuonsanb
Aioysiy [ed1paw ayy ul paj|y saam e sawin (0107) 'Ie
1VSVd :uonuany 159y wdq $8 ueawyH ov 61) D € 15e3] 1B 351D4aXa [ed1sAyd :eualud uoisnpu| 19A0 $5010 Ll FLLZ 19 duinoqueT
(jeuy-g uo pIe[JEV] wdq 91| ueawyH S (o) o3 "SJUSWIAINSEIW 310J9q SINOY 9 ISIDIXD (8107)
21035s) 353} bupjew |ies] Aujiqixay aAIubo) 159y UN oL (z0) ™ 10 duIRYed ‘Bupjows :eLSIID UOISNPXT 104 SOF VLT ‘e 39 Kiayer
J1qoJay wdq 7| ueawyH o€ (52) O3 aweb oapiA e pake|d JaAdu Jo ‘s1asn
1591 025eq0] “salljiqesip |ed1sAyd ‘siap.osip
92U3|I16IA JojoWOoYdASd :UOIUINY Hsey |euofusne ‘saseas|p |ed1bojoinau (8L07)
Kiowaw ydjew pakejaq :Alowaly buniopm 159y N o€ (s2) ™ 10 JB|NJSBAOIPIRD (RLS}D UOISNIX] 104 LL'T F9€'LZ N7 pue buemy
Jlqolsy wdq 85| ueawyH (114 (62) O3 osn
1591 bunjepy 05e(0] JO UOIIEDIPAW ‘SUOIIIPUOD [BINAU (9102)
les] :Kiowsapy Bupjiopy ‘doons :uoniqiyu| 159y wdq 9 uesawyH 0z 62) D) 10 si3pJosip dnoydAsd :epa3d uoisn|dx3y 10 0EFOET ‘le 10 buemHy
(9100)
}99M B SInoyY  1sed)| 1k 1o} dAde [edisAyd ejJen
J1qoJay XeWJIH %0/-09 0€ (29) o3 9q eSO UOISN|DU| "3SIDI9X DIqoJae -zado
WAISAS 1S9] BUUIIA UOHUMNY 159y N o€ (0€) o 91RISPOW JO UOIIIPRIIUOD :BLIAID UOISN|IXT 104 [TF6LT pue uewzno
dJlqolsy N dN (67) O3 ssepP (1102)
dooxs :uomiqiyuj 153y dN 0€ (€1) 9D 3d u1 aediied o} 3|qe aq :eUALD UoIsNPU| 1D 0CF0?C ‘e 33 uyn
“ewyise Jo ‘Asdapids ‘swiajqoad
Jlqoley wdq gL UOISSas pud YH o€ (92) 93 1uof Jo dUOq ‘DE<IING ‘dSeasIp dljogeldw
Ssey Isey :paads Buissadrold Jo bun| “Jejndseaoip.ed :eLd3Ld UoISN|IXJ (6102)
ysey Juel4 “sel ob ou-oo uoqIyu| 159y wdq G/ uoIssas pud YH o€ (92) ™ "D-YVd JO BLISID 3y} 199W el UoIsn|dU| 19A0 S5O ISTFSLT  leWZ7IdY g
(spuodas) doons
:uonIqIYu| (s G ul sasuodsal 1931100
40 13qwinu) 33 UoRNISNS [OqUIAS Jlqolsy wdq gL ueawyH oL (¥v) O3
161Q ‘(s9duanbas 1731100 1s36U0| 331y} aJleuuonsanb udaaLds Yieay (91027)
JO ueaW) 1591 )D0|g 1510 :Kiowd|N Bunpopm 159y wdq 06 ueswyH oL (%) 9 9y buimol|o} yijeay poob :eualud uoisnpu| 19A0 $501D 90F 9Tl ‘e 12 49d00)
(Spuo23s)
doons :uoqiyu) ‘(3w uondeai) plle[JEYY wdq /1 ueswyH oL (S¥) O3 aireuuonisanb usaids yyeay (z102)
wbipeted braquials :Kiowaly bupopm 159y UN oL (S¥) 9y} buimol|o} y1jeay poob :eualld uoisnjdu| 19A0 S50 €OFCEL ‘e 319 42d00)
Jlqolsy wdq || ueawyH (014 (81) 93
(919euen yuapuadap) UOIUIAIRIUI Ausuaqu (unw) (u) dnoug BLISLID UOISN|IXd pue -u| ubisap Apnis (as =+ Jloyiny
SJUSWINJISUl pUB S2INSeIW SW0dIN0 pue |01} uoneing N) sieak ‘aby
-uod jo adA)

‘(panunuod)



2654 B. F. HAVERKAMP ET AL.

(panunuo)d)

dlqoley XewlH 9%08-0£ 4] (82) 93
(¢107)
19)Ing
159)-¢( :UonUINY 159y UN 4 (82) ™ youn| padud padnpai :eUID UOISN|PXT 104 €Tl pue aui|
lqoley XewuH 9%08-0£ 4] (9v) 93
ysel uoisusyaidwod buipesl :abenbue 159y N 4! (6€) ) sanlfigessip bujuies) :eyald uoisndX3 104 1z-/1 (L07) duiL
juswiadxe
910439 SINOY 7 uoidwnsuod auldyed
10 100} ‘Bupjows ou “Juswadxa 31099
Juswabebua aAIubo) wdq 651 ead yH oL (02) 793 sinoy g AuAnde [edisAkyd snonuails
J1qoJay wdq 091 ead YH oL (02) 193 10 3sn |0y0d|e ON “JSPIOSIP [BNSIA pue
9eas|p dijoqelsw pue Kieuow|ndolpied (6107) '|e
doons :uomqiyu) 159y wdq ¢/ ead yH oL (02) ™ Aue JO 33J) :BLIDIUD UOISNPU]  JIAO SSOI) 680 F 60T 19 Iyseyeye|
Jlqoisy wdq 99| ueawyH 9 (¢1) o3
LIH (8L02)
doouis :uomqIyu| 159y wdq G/ ueawyH 9 (L) o YHM 95U311adX3 3UIINOJ (BLIBHID UOISNPX] J9A0 S50 IF W ‘e 39 yd1pads
d1qossy N S8 (09) o3
Bl (JEY 4N LL (09) 93
159] awi} uoldeay :paads Buissadoiyd (z107) |e
‘1591 UONR1IUSDUOD UONUSNY :UONUSNY 1\ dN 06 SA 0T (0€) 9 N 104 SLFG6L 19 duaniaedis
IA pa32a.1I0duUn
pue $SaUpUI|g-IN0J0d LRI UOISN|IX]
J1qoJay UN (<9 (€1) 793 “1aplosip Areuow|nd pue [edibojoinau
J1qoJay dN <9 (€1) 193 ‘JejndseAolpJed Aue Jo 3314 pue Jueujwop
1591 bunjewies) Aujiqixay anubo) ‘591 puey-1ybu ‘||Ng [PWIOU ‘(}99M B SUOISSIS (6107) e
-7@ :uonuany ‘(spu0das) dooss :uomiqiyu 1s9y dN 93 (€1) 9D €>) anipde £jjedishyd :euaiud uoisnpuj 104 €TEF ELeC 19 Ypremyds
‘Wi 15| 9yl
J1qoJay UN S (0S) O3 10} $359) UOIDUNY dANUBOD JuIMIBPUN
(A1oupne syuedpiued sy} ||y “uswiedw (0202)
pue [ensiA) awi} uondeay :paads Huissadod 159y UN oL (0S) D |ensiA Jo A103ipne ON :eldlid uoisnpu| 1D4 YETL F 690 jueyseld
duelsisay wdq €71 ueawyH 0€ (17) 93
Jlqoisy wdq 791 ueawyH 1]3 (12) 193 S9seasIp
|e2160]0IN3U OU pUE UOISIA [BULIOU (6002)
ysey braquuals :Kiowaly bupopm 159y wdqg 89 ueawyH o€ (19 0] P31731103 JO [RWIOU :BIIID UOISN|IU| 19A0 S50 €OF 0T  |e3d x3ajauod
dlqolsy 9leispow 0€ (¥v) 93
Jlqoisy Wby 0¢ (¥¥) 193
(£107)
doouis :uonqiyu| 159y UN 0z (%) 9 N J9A0 S50 89°0 F 6£9L |2 19 019Anidd
syjusuwutedwy [ensiA
10 9doduAs padnpul-3s1219Xd ‘SUOISSNOU0D
dse} dduelsisay UN o€ (5€) o3 J0 K103S1Y B ‘SI9YOWS "SISeasIp
uoniubodal Alowaly K1owaly ‘1533 ydeq dljogeiaw Jo [e31bojoinau ‘Aleuownd (81027)
-N :K1owapy Bupopn Hsey Jayue|d :uoqiyu| 159y UN 0€ (5€) o ‘|eUdJ “JeJNdSEAOIPIED BLIS}ID UOISN|DX] 19A0 $501D EF T ‘e 19 aJalw|ed
Jlqoisy XeWYH %SL 1]3 (09) 93
(¢107)
(Spu023s) awil uoldeal :paads Huissadolyg o|[31uossny
1533 bupjew Jret) :Kioway Bupiom 159y UN 0¢ (09) 9 UN 104 78T ¥ 9807 pue Aeunyy
(319euen yuapuadap) UOIUIAIRII Ausuaqu (unw) (u) dnoug B1ISLID UOISN|IXd pue -u| ubisap Apms (as ¥ Jloyiny
SJUSWINJISUl pUB S2INSeIW SW0dIN0 pue |01} uoneing ) sieak ‘aby
-uod jo adA]

‘(panunuo))



JOURNAL OF SPORTS SCIENCES 2655

xapul ssew Apog :|Ng ‘dnoib jo13u0d :D) ‘dnoib |ryuswiRdxd
D7 ‘|eu} Pa||043U0d | |el] P3||0J3u0d paziwopuey ] DY ‘panodal Jou YN ‘direuuonsanb ssauipeas Auade [edisAyd :D-yyd ‘@inuiw Jad sieaq :wdq ‘uonuaniaiul syl bulinp aiel Leay uesw :ueawyH ‘syuediped jo saquinu :u
S{99M ¢ SnoTAsId ur Bururery

J1qoJay XewyH %06-58 <9 (0€) €03 jed1sAyd aAisuaixa Jo Aoueubaid ‘uondajul
d1qoRy XewyH %0/-59 e (08) o3 ajnde Jo ‘sBnup [ebaj|1 1o uonesipaw
Jlqoisy XeWYH %05-St 13 (0g) 193 40 eu| -aseasip dulelydAsd Jo
Aianoe S1joqelaw ‘[eaibojoinau ‘Areuowindoipied (9107)
dooxs :uomiqiyuj dwos N 13 (1€) 9 ‘0€< 10 81>INg ‘eH1LD UoIsSNPX] 104 P9'E FT8EC  |e IS Sz

yoam 13d A)sualul 9s1DI9XD dleISpOoW

X€ < 1eudd uoisnpx3 “Aujiqesip |esiskyd
10 35BISIP JB|NISEAOIPIRD ‘SI9PIOSIP
|ed16ojoinau “dueiydAsd ou ‘sz > |INg

31qoIdy wdqg €€| ueawyH (o4 (9€) 03 e ‘uondadiad Inojod pue UoISIA [ewlou-0)
-pa1231103 IO [eWIOU ‘ssaupapuey-1ybu 61027)
(sfe3 usnibuodul sw) doolis :uonigiyu] 159y 159y (4 (9€) o> ‘sieak 9z pue g| Usam1aq :eLald uoisnpu| 104 [T F 00T "uip 1 noyz

SJUAWIAINSEIW 10J3]
SINOY {7 duldyed 1o |oYod|e Jo ey
‘AYiqe aAIMubod0IN3U 1R Ybiw Jeyy

1591 Ajijepoy 1bIg J1qoIay wdq 88| XewyH oL (02) 3 uornedipaw Bupjel ‘passnouod Ajsnoiaaid ¥102)
JoquiAs :A1owapy Buppop ‘dooas :uoniqiyul dN UN oL (02) ™ ‘f4nful “ssaupul|g JNoJOd :BLIBIID UOISNPX] 104 6Tl FSTLT ‘e 312 aKYMm
Jlqoisy wdq |G ueawyH 0€¢ (1) 93 0-4Vd JO elIB1LD 3Y) 193W ‘UOISIA INOJOD
159} |ewJou 03} payRLI0d (5102)
Buipios pied uisuodsipy Aujiqixay aAubod 159y wdq €8 ueawyH o€ (€1) > 10 [ewJou ‘papuey b e UoISN|U| 104 SSTF L9°TT ‘e 12 Buep

*ainssaid poojq
10 911 1JBaY J3}[R PINOM 1By} SUOIIRDIPaW

DULISISAY wdq 0zl ueswyH o€ (z2) o3 Bunyey 1o Asdapids “seak 1se| ayy
Ul UOISSNDUOD ‘SISPIOSIP [BID]SO[NdSnW 6107)
doongs :uoniqiyu| 159y wdq 76 ueswyH 0€ (z0) /> ‘BLIDYLD UOISN|DXT DYV :BLSD UOISNPU]  JIAO SSOID 7F €T ‘|e 19 YUOA
dlqoRy wdq G| ueawyH 0z (66) D3
1INV AIOWSW JO UOIIRIIUIIUOD 1D3)4e P|Nod (8L07) e 19
UOIIURNY ‘1591 Ydeq-N :Alowa| bunjop 159y UN 0z (66) DD 1By} UOIUPUOD [eJIPaW B (LIS UOISN|DX] 19A0 $5010 90 F €T biag usp uen
SdUesISay wdq ziyL ueawyH Ll (¢1) 793 UOISIA Jeuriouqe
2ouelSISAY wdq G0 ueawyH A (z1) 193 10 ssaupuljq Inojod ‘saseasip Aleuow|nd
10 “Je[ndseoipied ‘|es160joInau eRd (£107) '|e
doouis :uomqiyu| 159y wdq 99 ueawyH [l (1) ©/> uolsn|dx3 ‘papuey Wb :eLlLd uoisndu| 19A0 $5010 V1IF6T 19 ojoweyns|
lqoley wdq /91 ueawyH 13 (¥7) 93
Jlqolay wdq g/ LueawyH S (¢1) 193
(8661) e 19
w9ISAS 159 BUUSIA :UOIUSNY 159y UN SESAQL (L) N D TEFO00Z  Slpnozieqios]
1USWIAINSEIW 34043q SInoY €
SUIDYLD JO JUSWIAINSEIW 91049 SINOY 7
LUl |0YOd[e IO ISIDIIXD SNONUIS
‘buruorduny walsAs sSNoAIBU SadUBN|UI
1eY1 uonedipaw Jo ‘uswliedw aaubod
bl [JEW] ploysaayl A101e|1IUdA %S> o€ (02) 703 ‘uoissaidap ‘saseasip Jejndsenolpied
Rl [JE] ploysaiyl AIe|IIUSA 95/ < o€ (02) 193 ‘S19pJosIp |e2160]0IN3U Bl UOISN|IX]
*J9YOWS-UOU ‘UOISIA [BWIOU 0} 1331100 ¥102)
wbipesed uonusne [enedsonsia :uomqiyu) 159y UN Ly (02) ™ 1o |ewuou ‘papuey b :eud1d UoIsN|dU] D 98'L F GE'TT ‘le 19 1es|
Buruonouny waisAs snoAIdu sadUAN|UI
1By} uonedipaw Jo ‘usawliedw aaubod
J1qoJRy ploysaayl A101e|1UdA %S> o€ (02) 703 ‘uoissaidap ‘saseasip Jejndsenolpied
pI[s[JEYV ploysaJyl AIe[IIUdA 045G/ < 0€ (02) 193 ‘SI9PJ0SIp |e2160]0IN3U BLIRYID UOISN|IX]
*J9YOWS-UOU ‘UOISIA [BWIOU 0} 1391100 (9102)
1591 buiyoums-ysey :Aujiqixayy saniubod 159y UN Ly (02) ™ 10 |ewuou ‘papuey b :euS1d UoISN|dU| D 18l F95TC ‘le 19 1es|
(9|qeueA yuspuadap) uonudAIRI Ausua| (utw) (u) dnougy eI UOISNIXS pue -u| ubisap Apmis (as ¥ loyiny
SJUSWINJISUl PUB S2INSEIW SWO0dINQ pue jo1} uoneing N) sieak ‘aby
-uo0d jo adA)

“(Panunuo))



2656 B. F. HAVERKAMP ET AL.

(panupuod)

(s1amsue 1231100 sbejuadiad)
ysel buiuaisi| doydIp ‘(siamsue
1234102 3beuadIad) Ysel due|ibia

1eJ} [e21UYI3) [DIPIN
2dedsoIay JO [00YdS 32104 Iy SN Ul

|ensiA :uonuany ‘(Adeindde pue awiy d1q0IaY UN N 9 (€2) 3 Jed 00} pue 35in0d Aleyjiw diseq woly sieak yE-8| (£102)
uondeal) ysel yoeq-u Kiowaw bupiopy  ANADe dwos UN N 9 (8L) ™ pajenpeib oym SIUIPNIS :eLSIID UoISN|dU| 1Y obues 3by  |e 19 uewauud]
efo, 4N 00¢ L (¥91) 93
(6002)
S159] pazipiepuels sieak Gl ewleys
:DUBIDS pue SIAPNIS [BIDOS ‘Sonewayiely  ANAIDR dWoS N N / (LEL) DD dN 1Y abues abe 1 siney|
(sasuodsal 1931103 Jo Jaqwinu)
ueds Hununo? :Kiowaw bupiopm aJleuuonsanb
{(SI9MSUR 1331101 JO Jaquinu) sadL1ew s1ydesbolq e Aq passasse uonedipaw
anIssalbold pasueape uaaey :90uabi|a1u] dlqosdy  ded asind xew 0/-05 06 9 (5€) 793 ainssaid poojq Jo ‘uonedipaw
pinj4 {(A5e4ndde pue awil uoldeal) juawabebus sidosoydAsd ‘saseasip duyelydAsd
Buiydums yse] Aujiqixay aamubod) anubod UN 06 9 (z€) 193 1o [ea1sAyd d1uoayd ‘Auanoe jedisAyd
!(102s uanibuodul pue Juanibuod bunnuanaid saun(ui ‘eisdoyewoiyde (9107)
Ul 92UI3YIP) Ysel Jayueld :uoqiyu]  ANAIDR dWOS N N 9 %2) 9 ‘sSUpUI|q INOJOD :BLIBID UOISN[IXT 1Y TEFSET ‘e 313 uueyor
diqossy  widq 79| ueswyH 0l 4% (01) €93
diqossy  wdq ZiyL uedwyH 43! 4] (o1) 793
diqosRy  wdq LZL ueswyH [44] 4] (01) 193 3d 9pIsino
(plemydeq pue pJemioy salyAIe Uods Aue ul bunedpiyed Jo (£102)
91025 [e10}) ueds 1b6IQ :Klowaw buppiopy  ANAIDE dwos by ozl 4! (o1) ®> ssau||l [ea1sAyd Jo A101s1y :eLliId uolsndx3 104 19°0 F 81°SL BH 1§ UO3(
Jlqolsy 4N 09 9 (7€) 93
(Aoeandde) )99M B 3S1DI9X3 Snolobia (£102)
ysey Ayejiwis djuowduw Klowapy  ANAIDR dWoS N 09 9 (z€) ™ 4O JNOY | UeY) SJOW :BLID UOISN[IXT 1Y €LTFLLOT ‘e 19 zSI9H
efo, 4N 06 [0j% (8v) 93
(9102)
sse|d 3 10} pased|d d|puny
sapeib |0oyds :ydD  AuAde dwos N 06 (074 (#9) 92 SI3M OYM SIUSPNIS ||y :BLISID UoISNU| 104 0L+ €6l 1 suibey
‘buobIp jo sd1deid ay) Jo sdusLadXD
snoiAaid yam syuapnis pue ‘pasoubelp
Ajsnoinaud 1pysp uonuse pue
ebo N oL 14 (z7) 93 Japiosip AuandessdAy reusiud uoisnppx3 (0z02)
1591 ¢@ -uonuany 153y N oL 14 (¢) 9D 'SUOI1DNIISUl MO||0) 01 B|qe eLIB1LD uoisn|du| 154 steaf y1-71 ‘e 39 duen(
J1qoJay
pue
SduelsIsay wdqg §§1 uesawyH 0¢ 8 (z0) 91
diqossy  wdq gL ueswyH 0€ 8 (12) 193
(4 1e1n 219|dwiod (9100)
03 3wn) 393 bupew [ret] :Kiowd|y Buppop  AnAnde swos UN 4N 8 (¢ 9 4N 10y 90 F8GL  [e3d uebnso)
eboj 4N <8 4! (¥) 3
jooys ybiy 1gnd (SL02)
sapeib |0oyds :1ydD  AHAIIR SWOS N (<] 4 (1S) o e ul 3peib 01 40 6 ‘BLSID uoISN|U| 1Y N ‘e 19 49zing
diqoRy  wdq /L ueSWYH 0ce Ll (£1) 93 sasse|d 34 ur ajedpiyed
dlqoly  wdqg 67| ueswyH 0zz Al (02) 193 Aj9Anoe 03 3|qe buiaq jou Jo ‘uondunysAp
SAIMUBOD ‘3seasIp Je[ndsenolpied ¥102)
sapesb [ooyds :abenbue| ‘soijewayiew ‘Ydo ANAde swos  wdg 9| UeawyH oLl /Ll (LL) D 40 A103s1Y [euOsIad eI UOISN|DXT 1Y 180 F €L ‘le 19 Aopay
sa|gelieA Juapuadap uolIUBAIRIUL Aysuayu| [CEEI N EEI] (u) dnoug B1I9}14D UOISN]IXD pue -u| ubisap Apnis (as ¥w)
!SJUBWINJISU| PUB SINSEIW dWO0INQO pue jo)} Julw)  uopeing siedk ‘aby
-uod jo adA] ENolg]

suonuaaidlul Ayianoe jesisAyd siuoayd jo sonsuapeleyd Apnis ‘zg xipuaddy



JOURNAL OF SPORTS SCIENCES 2657

(panunuod)
dlqoisy N 06 9l (07) 93
sapeib [ooyds (€102)
:9benbue| pue sonewayIep {(SIamsue uuew|joH
129110 JO Jaquinu) 3s33-gQ :uonuay  AuAde swos N dN 9L (¥2) 9D N 1D 8'¢CL 13 esazyds
(Spuo23s ‘|ey buiyiys)
doons :Ajiqixa aAIMUBO) {(S9PU0IAS dlqoiay N 001l o¢ (801) O3 |OOYIS |043U0D DY) pue
‘lewy dduasauU doosls :uoniqIyu| |OOYDs dA112R Y} Y1oq e sapesb yuiu 61027)
‘(psemypeq) ueds ubiq :Alowaw Buppiopy  ANAIDE SWOS UN 00l o€ (6S) D) 0] YIUIASS Ul SJUIPNIS ||\ :BLISID UoIsNu| I®) sieak G1-€| ‘e 19 |[emofs
el
(3w} uonoeal) J1qolay N 0zL yT (z/1) o3 bnip Aue Jo uonepielas [eyusw ‘Asdajida
awi} uopdeal Aioypne ‘(awil uondeal) ‘asnge [oyod|e ‘siap.osip |ed160joinau (5102)
dwi} uordeal [ensip paads buissadold  ANAIDR dWOS N 0L v (SZ1) ™ 1Ua.ND 10 AI03S1Y :BLSID UOISN|IX] 1Y WL FPeElL |1 ewleys
(g res1 919]dwod 03 awi)
1591 bupjew [1eu] :AuiqIxay aAubo) (v
Jel] 919|dwod 03 awi} 3533 bupew jies|
:uonudNY ‘(sasuodsal 1931102 JO Jaqunuy)
1533 uonnysgns joquiAs 161 ‘(premsdeq ebok 4N 09€ 4! (ov) o3 deoipuey
pue piemioj 3103s |e101) ysey ueds ubig Ajleyusw Jo |earsAyd ‘ssauj|i duosyd Aue (£102)
:flowdw BupjIop (S G Ul sasuodsal noyum Ayyeay Apuasedde pue sieak 9| ueypeid
1231102 Jo Jaquinu) doouis :uoniqiyu]  AAlde Swos N N 4 (z€) ™ —1 1 u9amiaq sueydio :euad uoisnjdU| 1Dy ¥1LF8TL % 1yoind
dlqoIsy 53 N 0s L (99) 93
(1591 (6102)
pazipiepueys) abenbue| :2ouewIONd jooyds areAnd 1anD-9p
SIWRPRdY (ST ‘LT ‘S1 W) aiieuuonsanb pasIpisqns-a3e)s Jo uolesnpa A1epuodas -Z3UjLR
SaNdLYIP pue syibuaing :uonuany 159y :D) UN 0S L (09) D 40 apeib A1epuodas :eualld uoisnjpu| 1Dy [0F9EL  eUORISI-OUId
uoleUIPIO0) N 08l ¥ (LL) o3 399M B SaWI) € 1sed| 1e Yd ul dleddiued
(10413 9AIAdsIAd) 359 1BLISYID UOISN|DU| "UOIIUIAIDIUI 3Y} YUM (9102)
Bunos pie) uisuodsim Aujigixay samubo) - Auande swos N dN 14 (11) 9 a13p19)u1 pInod Jeyy Ainful e3> uoisNx3 1204 8T F L'CT [ Id smaynen
“J9pJosIp [eyusw Aue Joj Juswieal) [edibo|
-odew.eyd Japun buiaq ‘@duewlopad
Aj@Anubod 351249%d BulNp YsU y3jeay pasealdu; ue
pue 9sodw] 1eY} S3SRISIP 40 SALN(U] ‘SISPIOSIP
dlqolae |eUOIIUdYI ‘SSBUPUI|Q INOJOD LD
buibuajjeyd uoljeuIquiod) wdq G| ueawyH 00l 8 (61) O3 UoISN|IXJ “UOISIA [BWIOU 0} P93331I0d (6107) ‘e 19
dooxns :uol 159y uN 0oL 8 (91) ? 10 [ewlou ‘papuey ybu :eud1Ld uoisnpU] 1Y €80 F STL  1Iyo9) ‘eABpnT
buibuajjeyd
IEIN IV en)
pue
1qoJae
(A>eandde uojeuiquo)  wdg GE|L uBIWYH ool 8 (£1) 93 (8107) "[e 12 ofiwey 499439 (8100)
pue awy} uondeal) doosis :uoniqgiyul Kieyuapas N 001l 8 (L) o ‘eABpNT BN UOISN|IXS pue -Ul 395 1Y XS ad) ‘e 312 eAbpn
ENBIENE]
Bupnp sysu yieay aseasdur ydym
uod [eIPAW JO ‘SSaUpUIGIO[0d
Buibebus ‘s1apJosip |eyuaw Joy Adesayrodewseyd
916U BulAI9I31 1O ‘SISPIOSIP [RUOIIUSIIE 10
puedigosdy  wdq GE| ueswyH 001l 8 (£1) 93 syuauwutedw aA1IUBOD 0} Pale|aI SIS
uonednpa |epads bujpusiie :eudd (8107)
(A>eandde pue uoISN[IX3 “UOISIA [eWIOU-0}-P31I3II0d ofiwey
awi} uondeal) hiaquials :Krowaw Bupiopm Kieyuapag N 001 8 (91) o 1o [ewJou ‘papuey 3ybu eI UoIsNU| 1Y [0F Szl ‘1aquanebApn
sd|qenen uspuadap UONUAIRIUL Ausuayu| (oM (syoam) (u) dnouo eLI3YLID UOISNDXD pue -uj ubisap Apnis (as ¥w)
{S)UBWINJISU| PUB $S2INSEIW dWO0INQO pue jo1} Julw)  uopeing siedk ‘aby
-uod jo adA] ENolg|

‘(panunuo)d)



abesane yujod

3peln :ydo ‘dnoub |013u0d D) ‘dnoub [eauswLRdXa :DF {|ell Pa||03u0d | ) ‘|ell pa||011u0d paziwopuey 1)y ‘pauodal Jou YN Dinuiw 1ad s1eaq :wdg ‘uorusRiul 8Y) Buunp 3les Leay uesw :ueawyH ‘syuedpiyed Jo squinu tu

ISEISIP [EIS[IS{SO[MISNU
10 3SBISIP JRNDSAOIPIRD SIDADS
WOJ) P3JIYNS IO ‘UOIIRIDOSSE dUEP IO

J1qoJay N 00€ 4 (56) D3 -|q0JI3e ~-OpUOMY 3L} ‘-NYSNM ,SIUIPNIS
9y} JO JAQUISW ‘SJUSWSAOW PIALISP 1YD (S5L02)
159} PUD Y NYdS :uonuany  ANAIDE SWoS N UN 4! (s0l) DD 16} w13} buoj e ul pabebus :elRID UOISNPXT 10 'L F90C ‘|e 19 buayz
‘Buiweb oapia
Inoy | < Jo sanAlde syods sinoy 67
< ‘buipaajpsealq pue ‘Aoueubaid
‘sbnip 10 uolledIpaw Jo xelul Jejnbal
:BLISID UOISN|IXT SISEISIP JB|NDSRAOIPIRD
10 ‘Aiojesidsal ‘|es1bojolnau dijogersw
diqo;dy  wdq 0/ xew YH 08 4 (92) o3 “SuelydAsd Jo A1oisty ON “uoIsIA
(s1omsue |ewJou -03-pa1da4iod JO [ewlou ‘papuey (8L07)
1731102) 153} [oquiAS b1 :paads buissadold 159y N 08 4 (92) m -1ybu ybIam ewou :eLALD UOISNU| D SS€E F ST ‘e 319 3S00M
(subIp jo J3quinu ueaw) ueds HbIp
plemioy :Klowsw widl Moys ‘(Adeindde)
1591 ||ed3J 934y :Kiowaw buiyiom
{(s10113 9% pue se} 3y3 Jo uopeinp) d1qosRy 4N oL L (8) o3 Kioys1y Buturesy Jo sieak y—¢ yum ‘jooyds (9L02) e
AYAIDR SWOS N UN [ (oL) o syods buijies pusne :euald uolsn|dUu| D €GL F8T/LL 19 SRUNYIUIA
Jlqolsy dN 00¢ 1z (1) 93
(£100)
sapesb [ooyds :abenbue| pue sonewayiely  AHAIDE SWOS N UN 1z (€2) > UN 104 90 F €L |e 1 sukaglol
Jlqolsy dN 00€ (114 (¥61) O3
ysey Jayuelq abe s1ay3 01 s1eudoidde (9L07)
:uollqIyu| ‘sapeib jooyds :soewayiely  AlAIDR SWOS N UN T4 (8s%) D) win|ndLINd BUIMO||0) (eI UoISN|DU| 104 850 ¥ 88°CL ‘e 32 dieg
(g Jlqolsy dN 0zL 214 (zz1) 93 el
Jeny 919]dwod 01 awn) 1533 bupjew |rei| Bnip Aue Jo uonepieias |eyusw ‘Asdajida siedk /|
AAuqixay aanubo) {(3sel ayy 919|dwod ‘asnge [oyod|e ‘siaplosip [ed1bojoinau -zl (S5L07) e 19
0} 9WI3) 1531 UOIIL|IIULD J3)IDT :UONUANY  ANAIDR SWOS N 0zL 8T (1) 1UND Jo AI01SIY :RLIAID UOISNIXT 1DY4 abues abe uejueweliqng
wa1sAs sNoAISU 3y}
(3w uonoeal) Buldaye uonedIpaw Jo Hjelul ‘saseasip
doouis :uoniqIyuj (3wl uondeal) 1591 J1qoJay N UN 91 (L¥) D3 Jedipaw dujeiydAsd Jo |esibojoinau
}2eq-u :A1owaw BUPOA {(dWI} UoIIdeI) Jo Ki01s1y ‘asnge joyodje 4o bnip (0L02)
159} paxiw syop :AN[IqIxay dAubo)  AjAnde Swos N UN 91 (82) ™ ‘ewnel} peay Jo A101S1Y :eLISID UOISN|DXT D ['SFLTT ‘e 19 ylons
J1qoJay N 06 9 (L) o3 wlsAs snoaau ay3 Bupdaye uonedipaw
(sasuodsau JO eI ‘S3SEISIP [BIIPAW dLIRIYIASd (6002)
1991103 JO Jaquinu) 159)-7 :UOIUSNY  AMAIIE SWOS N UN 9 (L) 9 10 |e2160]0IN3U JO AI03SIY eI UoISN|IX] 1DY €€ FS96L ‘e 319 yions
sapesb jooyds dlqolsy dN 06 4! (s9) 93
:abenbue| pue sonjewayley {(siamsue (£102)
129110 JO JaquInu) 1s3}-7( :uonuANY  ANAIDE SWOS dN 4N Cl (€€) 9D dN 1D 144} ‘(e 19 quazyds
s3|qelieA Juapuadap UOIUIAIRII Ausuau| (9am  (H99M) (v) dnoig e1I3}1ID UOISN[IXd pue -U| ubisap Apnis (as ¥w)
!SJUSWINJISUI PUB $DINSBIW SWO0dINQO pue |01} Juiw) uopeing s1eak ‘aby
-uod jo adA| ENolg|

2658 B. F. HAVERKAMP ET AL.

“(panunuo))



Appendix C. Publication bias

Funnel Plot of Standard Error by Hedges's g
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Figure C1. Funnel plot no publication bias acute interventions and neurocognitive functions.
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Figure C2. Funnel plot publication bias chronic interventions and neurocognitive functions.
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Funnel Plot of Standard Error by Hedges's g
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Figure C3. Funnel plot no publication bias chronic interventions and academic performance.
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