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A B S T R A C T   

Background: Executive Function (EF) is a potential mechanism linking physical activity (PA) and mental health. 
However, evidence regarding the association between free-living PA and EF is limited with mixed results. Across 
two studies, we examined associations between accelerometer-assessed moderate-to-vigorous PA (MVPA) and 
facets of EF in different age groups (Study 1) and at different times of day (Study 2). 
Method: In Study 1, we tested the association between MVPA and verbal fluency across seven days in 285 par
ticipants (children, adults, older adults). In Study 2, we tested between- and within-person associations between 
MVPA and working memory (afternoon, evening, next morning) across three 18-day bursts in 64 preadolescents. 
Results: Study 1 showed no association between MVPA and verbal fluency overall, but there was an interaction by 
age group: a positive association was evident in older adults only. In Study 2, we observed a positive between- 
person association between MVPA and subsequent afternoon and next morning working memory, but not within- 
person. In the evening, MVPA was not related to working memory. 
Conclusions: The association between free-living PA and EF differs between age groups and times of day. Future 
research should consider these factors when examining the association and its role for mental health.   

Physical activity and executive function: A multi-study analysis 
of age groups and times of day 

Living a physically active life is of central importance for mental 
health across the lifespan. For example, physical activity (PA) in
terventions can prevent depression in the general population across 
different age groups (Hoare et al., 2021). While PA refers to any bodily 

movement increasing energy expenditure, moderate-to-vigorous PA 
(MVPA) is especially effective in the treatment of depression (Schuch 
et al., 2016). 

One possible factor that mediates the link between PA and different 
mental health aspects (e.g., depressive symptoms) is executive function 
(EF; Dong et al., 2022): a set of higher order cognitive functions enabling 
individuals to direct and regulate their cognitions, emotions, and actions 

* Corresponding author. 
E-mail addresses: anne.eppinger@uni-tuebingen.de (A. Eppinger-Ruiz de Zarate), daniel.powell@abdn.ac.uk (D. Powell), jan.kuehnhausen@med.uni-tuebingen. 

de (J. Kühnhausen), julia.allan@stir.ac.uk (J.L. Allan), alex.johnstone@abdn.ac.uk (A. Johnstone), daniel.crabtree@abdn.ac.uk (D.R. Crabtree), williambuosi@ 
hotmail.fr (W. Buosi), c.fyfe@abdn.ac.uk (C.L. Fyfe), davidmcminn@laysummaries.com (D. McMinn), brettmccavour@hotmail.ca (B. McCavour), caterina. 
gawrilow@uni-tuebingen.de (C. Gawrilow), gertraud.stadler@charite.de (G. Stadler).   

† Co-first authors  
‡ Co-last authors (General Authorship order TBC). 

Contents lists available at ScienceDirect 

International Journal of Clinical and Health Psychology 

journal homepage: www.elsevier.es/ijchp 

https://doi.org/10.1016/j.ijchp.2023.100425 
Received 21 July 2023; Received in revised form 10 November 2023; Accepted 20 November 2023   

mailto:anne.eppinger@uni-tuebingen.de
mailto:daniel.powell@abdn.ac.uk
mailto:jan.kuehnhausen@med.uni-tuebingen.de
mailto:jan.kuehnhausen@med.uni-tuebingen.de
mailto:julia.allan@stir.ac.uk
mailto:alex.johnstone@abdn.ac.uk
mailto:daniel.crabtree@abdn.ac.uk
mailto:williambuosi@hotmail.fr
mailto:williambuosi@hotmail.fr
mailto:c.fyfe@abdn.ac.uk
mailto:davidmcminn@laysummaries.com
mailto:brettmccavour@hotmail.ca
mailto:caterina.gawrilow@uni-tuebingen.de
mailto:caterina.gawrilow@uni-tuebingen.de
mailto:gertraud.stadler@charite.de
www.sciencedirect.com/science/journal/16972600
https://www.elsevier.es/ijchp
https://doi.org/10.1016/j.ijchp.2023.100425
https://doi.org/10.1016/j.ijchp.2023.100425
https://doi.org/10.1016/j.ijchp.2023.100425
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijchp.2023.100425&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Clinical and Health Psychology 24 (2024) 100425

2

in a goal-oriented manner (Barkley, 2001). EF deficits can be observed 
for example in individuals with depression, and PA presents a promising 
nonpharmacological intervention to increase EF in this population (Ren 
et al., 2023). On the neurophysiological level, PA alters brain activity 
and connectivity, thereby improving EF (Erickson et al., 2015), which 
could indirectly explain the positive association between PA and mental 
health. Miyake et al. (2000) postulated the integrative model of EF that 
describes EF as consisting of one common underlying factor and three 
distinct components: cognitive flexibility, working memory (WM), and 
inhibition. EF undergoes a shift in development in preschool age, 
continuing into young adulthood (Huizinga et al., 2006). The age at 
which EF peaks and begins to decline depends on the specific EF 
component but all EF components show decreases in function with age, 
starting in midlife and progressing into older adulthood (Ferguson et al., 
2021). In addition to age, individual characteristics (Kramer & Col
combe, 2018) and external influences also determine EF performance 
(Dirk & Schmiedek, 2017). EF fluctuates over time (McKinney et al., 
2020) and is related to individuals’ engagement in effortful behaviours 
like PA. 

Relationship between physical activity and executive function 

So far, most research has examined the relationship between PA and 
EF with interventional study designs (Donnelly et al., 2016). Reviews 
and meta-analyses report positive effects of PA interventions on EF 
across the lifespan (Alvarez-Bueno et al., 2017; Colcombe & Kramer, 
2003; Donnelly et al., 2016; Verburgh et al., 2014). Ludyga et al. (2016) 
re-analyzed data from 40 interventional studies across the lifespan and 
found a small positive effect of PA on overall EF with strongest benefits 
in preadolescents and older adults. They explained this with higher 
sensitivity to PA in phases of developmental change. 

While results from interventional research point towards a beneficial 
effect of PA on EF, these findings do not necessarily generalize to free- 
living PA and its implications for mental health. Yet, research exam
ining the effect of free-living PA on EF is limited (Wickel, 2017). Across 
the lifespan, reviews suggest a positive link (Cox et al., 2016; Donnelly 
et al., 2016). Cross-sectional studies showed that objectively-measured 
total volume of PA was positively related to EF in children (van der 
Niet et al., 2015), and questionnaire-assessed free-living PA was posi
tively related to EF in young adults (Kamijo & Takeda, 2010) and in 
older adults (Reas et al., 2019). However, very few studies used accel
erometers as an objective and valid measure of free-living PA. Correla
tions between questionnaire- and accelerometer-derived PA are 
low-to-moderate (Prince et al., 2008), and differences between mea
surement methods possibly influence the observed relationship between 
PA and EF (Syväoja et al., 2014). Thus, more research examining the 
association between objectively measured free-living PA and EF is 
needed to better understand the role of an active lifestyle for EF (Don
nelly et al., 2016). 

Present Research 

We present two studies to examine different aspects of the relation
ship between free-living PA and key facets of EF as secondary analyses of 
two existing datasets: (1) a large cross-sectional study of verbal fluency 
(VF) and accelerometer-assessed PA across children, adults, and older 
adults; and (2) an intensive longitudinal study of spatial WM across 
different times of day (mornings, afternoons, evenings) and 
accelerometer-assessed PA in preadolescents. 

Study 1 

Examining the role of free-living PA for EF across the lifespan is 
important, because evidence supports a causal positive effect of MVPA 
on cognitive functions (Cheval et al., 2023) and a longitudinal associa
tion between PA and EF, with strongest effects in lifelong active 

individuals (Reas et al., 2019). Further, findings from studies objectively 
measuring free-living PA and its relation to EF are mixed across different 
age groups. In preadolescent children, multiple studies reported no as
sociation between accelerometer-measured MVPA and cognitive flexi
bility (Syväoja et al., 2014; van der Niet et al., 2015), while in young 
adults, evidence suggests a positive association (Lin et al., 2018). In 
middle-aged and older adults, a study suggests that as little as ten mi
nutes of MVPA per day were related to better cognitive flexibility 
(Spartano et al., 2019). The VF test implemented in study 1 is often 
considered to tap cognitive flexibility (Diamond, 2013) though VF has 
also been argued to involve a combination of general executive func
tions (e.g., Gustavson et al., 2019). 

Since only a limited number of studies examined the relationship 
between objectively measured free-living PA and EF (Wickel, 2017), 
findings are inconsistent across age groups, and studies are conducted in 
different age groups rather than across multiple age groups, we wanted 
to examine this association across the lifespan. We hypothesised a pos
itive association between free-living MVPA and VF as a measure of 
cognitive flexibility in children, adults, and older adults. We followed 
this up by exploring the interaction of this association by age, expecting 
to see a more positive association among adults. 

Method 

Design & Participants 

Study 1 pools three datasets from larger projects (Full4Health: 
(Crabtree et al., 2020); Snapshot: (McMinn & Allan, 2014); Student
Project: (McCavour, 2018)) that all included the same EF task and 
objective measurement of free-living PA over seven days via acceler
ometers, resulting in a total sample of 285 participants. The description 
of each sample can be found in the Appendix. 

We applied a minimum wear-time criterion of 4 days of data with at 
least 6 hours of wear-time per day, including at least one weekend day 
(Jerome et al., 2009). This led to the exclusion of 36 participants 
(Full4Health: 31, Snapshot: 2, StudentProject: 3), leaving a final pooled 
sample for analysis of 249 participants. Of these, 68 were children 
(under 18 yrs: M = 11.97 yrs, SD = 3.71 yrs), 144 adults (18-64 yrs: M =
34.33, SD = 13.35), and 36 older adults (65 yrs or older: M = 68.6, SD =
3.32). All three projects were approved by the University of Aberdeen 
Ethical Review Boards (CERB/2012/8/761; CERB/2018/2/1547) or the 
North of Scotland NHS Research Ethics Committee (12/NS/0007). 

Measures 

Executive Function. We used the VF test of the Delis-Kaplan Exec
utive Function System (D-KEFS; Delis et al., 2001), including the letter 
fluency task only. The letter fluency task is a 5-minute task requiring 
participants to name as many words as they can, in 60 seconds, starting 
with F, then A, then S. Participants are asked to avoid names, place 
names, numbers, repetitions, and the same word with different endings 
(e.g. slow, slowing). Raw scores are converted to scaled scores normed 
by age and gender, with higher scores reflecting better VF performance. 

Physical activity. Free-living MVPA was assessed over seven 
consecutive days by Actigraph GT3X+ accelerometers (Actigraph, LLC, 
Fort Walton Beach, Florida) worn on the hip during waking hours. 
Bodily movements were measured on three axes with a frequency of 30 
Hz and epoch length of one minute. For this analysis, Axis 1 counts were 
converted to minutes of MVPA using validated thresholds for adults 
(Freedson et al., 1998) and children (Freedson et al., 2005). 

General Procedure 

After providing written informed (parental) consent, participants 
were asked to attend the University of Aberdeen to undertake a battery 
of cognitive tests, which included the D-KEFS letter fluency task. 
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Children were generally tested in the school setting. Participants were 
shown how to wear the accelerometer and left the research site wearing 
it in the correct position. Formal data collection began the next day, and 
lasted for seven consecutive days. Upon completion, participants 
returned the devices to the researcher. In Full4Health and Snapshot, all 
participants had travel costs reimbursed; in StudentProject, participants 
received a £20 retail voucher plus travel costs. 

Statistical Analysis 

To test the primary hypothesis, we used hierarchical linear regres
sion to model VF performance as a function of minutes of MVPA, con
trolling for study number, age, gender, and accelerometer wear-time. 
MVPA data were heavily skewed, and therefore transformed using a log 
transformation (Log (MVPA + 1)). To test moderation by age, in
teractions of MVPA⨯Age for each age group (children, adults, older 
adults) were examined using dummy variables. All analyses for Study 1 
were conducted in SPSS using ɑ = .05 to denote statistical significance. 
All analyses of this two-study paper were pre-registered, and any de
viations can be found in a brief document on Open Science Framework 
(OSF; https://osf.io/xyvk2/). 

Results 

Descriptive statistics regarding time spent in MVPA, VF and wear- 
time can be found in the Appendix (Table A.1). In the linear regres
sion, we observed no significant association between MVPA and VF 
across the age groups (B = 0.288, SE = 0.800, p = .719, 95% CI: -1.289, 
1.865; See Table A.2, Appendix). 

Examining the interaction by age group, it was evident that the as
sociation in older adults was significantly different to that in children 
(see Table 1; for full model see Table A.3 in Appendix) with a substan
tially more positive association in older adults (see Fig. 1). 

Discussion 

Across different age groups, we found no association between time 
spent in MVPA and EF as measured by VF. This was unexpected, with 
previous research suggesting a positive association between objectively 
measured PA and EF across the lifespan (Cox et al., 2016; Donnelly et al., 
2016). After including the interaction with age groups (children, adults, 
older adults), we only found a positive association between MVPA and 
VF in older adults. In children and adults, we found no association be
tween MVPA and VF, supporting findings found elsewhere where no 
association was observed between MVPA and cognitive flexibility (e.g., 
Syväoja et al., 2014). 

However, studies elsewhere looking at more specific age groups give 
a mixed picture. One study of free-living MVPA and various EF tasks 
found negative associations across all EF domains in 3-5 year olds 
(Willoughby et al., 2018); a study in 8-12 year olds found total volume of 
PA (including MVPA and light activity) was associated with better EF 

(van der Niet et al., 2015), and various papers suggest robust associa
tions between MVPA and EF in older adulthood (Spartano et al., 2019; 
Zhu et al., 2017) including with the VF test (Daly, McMinn, & Allan, 
2015). In a meta-analysis of moderate aerobic exercise effects on EF, 
small positive effects were observed for reaction time and accuracy 
measures (Ludyga et al., 2016) but moderation by age was evident in 
reaction time measures only: effects were strongest in older adults and 
preadolescents. Taken together, it appears likely any association is 
most-relevant in older adults, with some potential for specific effects on 
EF in children, though it appears not for VF; it is likely that VF captures 
elements of language proficiency over and above EF that may not yet be 
fully developed in children (Cohen et al., 1999). 

To our knowledge, the sample in Study 1 is the largest dataset of its 
kind with objective and comparable measures of free-living PA and EF 
across different age groups. Study 1 has some methodological limita
tions: Firstly, our findings were only correlational. Secondly, we defined 
VF as a subdomain of EF in line with Diamond (2013) but this catego
rization is debated in the literature (e.g., Whiteside et al., 2016). When 
interpreting our findings, it needs to be considered that VF measures 
assess important core aspects of EF but also capture elements of lan
guage processing. 

Our results from Study 1 highlight the importance of differentiating 
between age groups when examining the role of free-living PA for EF, 
which is supported by both interventional and observational research 
(Ludyga et al., 2016; Spartano et al., 2019; Syväoja et al., 2014). 
However, to better understand the association between PA and EF, 
research should not only consider age but also the time frame on which 
this relation occurs. Longitudinal evidence suggests positive effects of a 
lifelong active lifestyle (Reas et al., 2019). Thus, effects could accumu
late over the life course, resulting in strongest associations in older 
adults. Objective measures of PA allow us to examine the association in a 
more natural setting and in more timely proximity, reflecting the 
increased variability of free-living PA (as compared to PA interventions). 

Study 2 

In everyday life, PA and EF vary between and also within individuals 
over time (McKinney et al., 2020; Turrisi et al., 2021). Considering this 
variability is important when transferring results from interventional 
studies to a more natural setting. Findings regarding the relation be
tween objectively-measured overall PA levels and WM performance are 
mixed: one study reported that preadolescents with low PA levels 
showed significantly worse WM accuracy (Zhu et al., 2022), while other 
evidence suggests no association between MVPA levels and pre
adolescents’ WM (Mücke et al., 2018; van der Niet et al., 2015). Insuf
ficient control of confounding variables (e.g., general cognitive abilities; 
Hsieh et al., 2018), or of the variability in PA (Migueles et al., 2021) 
could explain null-findings and mixed results. 

Previous research has shown that the effect of free-living PA differs 
depending on the investigated time interval: while one study reported 
beneficial effects of PA for same-evening affect (Haas et al., 2017), 
another study found no association with next-morning affect (Hachen
berger et al., 2023). However, only a limited number of studies have 
considered the variability of PA when examining its role for EF. First 
evidence suggests that activity-rest-patterns – rather than overall PA 
levels – are related to WM performance in preadolescents (Migueles 
et al., 2021). Ambulatory assessment studies are particularly well-suited 
to capture such variability and different time scales, as they repeatedly 
measure individuals’ behaviour, permitting the separation of effects 
found between individuals (between-person) from those found within 
individuals over time (within-person). To our knowledge, only one 
ambulatory assessment study investigated MVPA and WM in pre
adolescents (Trevillion et al., 2022): over 14 days, 35 preadolescents 
wore an accelerometer and performed a WM task twice per school day. 
Higher levels of MVPA on the prior day were related to lower WM on the 
following day, but there was no association with MVPA in the two hours 

Table 1 
Linear Regression examining Verbal Fluency Performance as a Function of 
MVPA and its Interaction by Age Group   

Est. SE p 

Constant 11.289 0.927 < .001 
Gender (Reference ¼ Male) -0.921 0.457 .045 
Adults (Reference = Children) 0.322 1.022 .748 
Older Adults (Reference = Children) 2.180 1.254 .083 
MVPA -2.046 2.430 .314 
MVPA * Adults -0.879 2.284 .701 
MVPA * Older Adults 5.212 2.563 .043 

Note. MVPA is log-transformed and centered at the grand mean. Study covariates 
(study number, accelerometer wear-time) omitted, see Table A.3 for full results 
(Appendix). 
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prior to WM assessment. These findings support a within-person relation 
between prior day MVPA and WM but not within the same day, high
lighting the importance of examining the association between PA and EF 
on different time scales. However, Trevillion et al. examined a relatively 
small sample and collected data only twice a day for two weeks. Studies 
with larger sample sizes and more measurement occasions over a longer 
time period are necessary to better understand the associations between 
free-living PA and EF within and between individuals in everyday life 
and on different time scales. 

Thus, in Study 2, we conducted an ambulatory assessment study to 
examine the relationship between objectively measured free-living PA 
and WM in preadolescents on three different time scales. During three 
18-day data collection bursts, preadolescents completed a visual WM 
task in the morning, afternoon, and evening. This is a novel examination 
testing the role of PA at different times across the entire day over the 
course of one year, allowing us to draw conclusions about the variability 
of the association between PA and EF but also the stability of the 
examined effects. We used WM as a measure of EF in Study 2, because a 
recent meta-analysis (Alvarez-Bueno et al., 2017) suggested that WM 
might be especially sensitive to PA in youth. We expected that pre
adolescents’ MVPA would be positively related to their WM accuracy on 
the between- and within-person level at all times of day. 

Methods 

Participants 

Preadolescents (10-13 yrs) were recruited at schools in Southwest 
Germany. Over the course of the study, 74 participants took part, but 
only 64 participants wearing an accelerometer were considered for this 
analysis (age: M = 10.75 yrs, SD = 0.49 yrs1; 26 male, 38 female). Due to 
dropouts between the measurement bursts, 15 participants were newly 
recruited before the second burst (participation in 1 burst n = 22, in 2 
bursts n = 22, in 3 bursts n = 20). 

Procedure 

Study 2 was part of the AttentionGO project implementing ambula
tory assessment. It was funded by the German Research Foundation 
(project number GA 1277/9-1) and approved by the ethics committee of 
the German Society for Psychology (CG 102018_amd_112013). 
Recruitment in schools was approved by the Ministry of Culture, Youth, 
and Sport in Baden-Württemberg, Germany (file number 31-6499.20/ 
1087). Data were collected in three separate 18-day measurement 
bursts approximately six months apart (Burst 1: November-December 

2017; Burst 2: April-July 2018; Burst 3: November-December 2018). 
At the start of each burst, children received smartphones and ac

celerometers. For each participant, one parent took part in a telephone 
interview (approx. 1 hr). During the 18 days, the smartphones rang three 
times a day for data collection and could not be turned on for another 
purpose. After ringing, children had 30 minutes to perform a spatial WM 
task. The time points all lay outside school hours: in the morning, af
ternoon, and evening. The exact times were individually agreed on with 
the parents at the beginning of each burst with possible differentiation 
between weekdays and weekends. 

Participation was compensated with a 40-euro voucher for a chosen 
family activity (e.g., zoo visit) after each burst. Further, children 
received small presents and information about their PA. 

Material 

Daily Measures 

Executive Function. Participants completed a spatial WM task (Dirk 
& Schmiedek, 2016). They were presented with a matrix divided into 16 
equal squares. Depending on the difficulty level, two (Load 2) or three 
(Load 3) virtual monsters were positioned on these squares and pre
sented for 3000ms, followed by the presentation of the empty matrix for 
250ms. After this, arrows appeared indicating in which direction the 
monsters moved. Each arrow was presented for 1500ms and followed by 
an inter stimulus interval (ISI) of 250ms. Two arrows were presented in 
Load 2 and, accordingly, three in Load 3. Finally, children indicated the 
monsters’ new positions (2000ms) and received feedback on accuracy 
after an ISI of 200ms. Children performed four trials of Load 2 followed 
by four trials of Load 3. In total, the task took approximately eight 
minutes. 

As a measure for WM, accuracy was assessed in percentage. We only 
included Load 3 because of observed ceiling effects in Load 2. Accuracy 
was aggregated over the three answers within each trial of Load 3, and 
then averaged over all four trials of Load 3. Thus, WM-accuracy scores 
were computed for 54 measurement occasions per burst (3 per day for 
18 days) and participant. 

Physical Activity. Participants wore an Actigraph GT3X+ on the hip 
of their non-dominant side during waking hours, with a frequency of 30 
Hz and epoch length of 15 seconds. Axis 1 counts were converted to 
minutes of MVPA using validated thresholds (Evenson et al., 2008) and 
aggregated over one hour. Days with a wear-time of less than six hours 
were excluded (Jerome et al., 2009). 

Background Measures 

General cognitive abilities. We assessed general cognitive abilities 
through Raven’s Standard Progressive Matrices (Horn, 2009) at the end 

Fig. 1. Association between Physical Activity and Verbal Fluency across different Age Groups  

1 For one subject, no age data was available. This child’s age was estimated 
for the models. 
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of the first burst each child participated in and calculated the sum score. 
Demographic Data. Children’s age and gender were collected in the 

parental interview. 

Data Analysis 

All analyses for Study 2 were conducted with the statistical software 
R version 4.1.3 using ɑ = .05 to denote statistical significance. To test 
our hypotheses, we ran three multilevel linear regression models pre
dicting WM performance in the (a) afternoon, (b) evening, and (c) next 
morning. Within the same day (a, b), PA was operationalised as hours 
spent in MVPA between 6am and the minute before the respective WM 
assessment. In the lagged analysis (c), we considered hours spent in 
MVPA between 6am and 11pm on the prior day. To distinguish between- 
person from within-person effects, we included two variables in the 
model: each child’s mean hours spent in MVPA averaged across all 
bursts and centred on the grand mean to test the link of between-person 
differences in MVPA and EF; daily fluctuations in MVPA from 6am until 
the minute before the respective WM assessment at each study day 
centred around each child’s person mean to test the within-person link 
between fluctuations in MVPA and EF. To account for possible training 
effects in the WM task, we included a linear time trend of study day 
(range 0-1) and dummy-coded variables representing the burst. We 
controlled for weekend, gender and wear-time (in hrs), age at Burst 1 
and general cognitive abilities (centred on grand mean). We estimated 
random effects for the intercept, the within-person effect of MVPA, study 
day, the continuous autocorrelation of Level 1 residuals, and correla
tions between random effects. The equations describing the full models 
can be found in the Appendix. 

Results 

Descriptive Results. Descriptive statistics regarding wear-time, 
time spent in MVPA and WM performance can be found in the Appen
dix (Tables A.4, A.5). MVPA varied across bursts (in mins; Burst 1: M =
48.16, SD = 29.01; Burst 2: M = 60.97, SD = 46.96; Burst 3: M = 47.41, 
SD = 25.39) with highest MVPA levels in Burst 2, and it differed between 
gender (in mins; girls: M = 46.38, SD = 31.06; boys: M = 60.87, SD =
40.33) with higher MVPA levels in boys. WM performance differed be
tween bursts (in percentage; Burst 1: M = 56.32, SD = 29.29; Burst 2: M 
= 60.72, SD = 29.48; Burst 3: M = 65.53, SD = 26.99). Girls (M = 62.68, 
SD = 28.70) had higher scores, on average, than boys (M = 56.12, SD =

29.09) across all times of day and bursts. 
Multilevel Analyses. The results of the multilevel models concern

ing the hypotheses as well as significant control variables are reported in 
Table 2 (for full model see Table A.6 in Appendix), and between-person 
associations are represented in Fig. 2. 

Afternoon Analysis. We found a significant positive between-person 
relationship between MVPA and afternoon WM performance (γ01 =

24.90, p = .035). This did not change across the bursts, implying a stable 
positive between-person association. However, we did not find this as
sociation on the within-person level (γ10 = 0.01, p = .999). We observed 
a significant increase in WM between bursts (Burst 2: γ30 = 5.59, p =
.011; Burst 3: γ40 = 8.92, p < .001). 

Evening Analysis. We found no between-person association between 
MVPA and evening WM performance (γ01 = 12.39, p = .116), and, after 
including autocorrelation, the negative within-person association failed 
to reach significance (γ10 = -5.20, p = .057). Again, we found a signif
icant increase in evening WM between bursts (Burst 2: γ30 = 4.51, p =
.036; Burst 3: γ40 = 9.98, p < .001). 

Morning Analysis. We observed a significant positive between- 
person relationship between prior day MVPA and morning WM perfor
mance (γ01 = 17.16, p = .038) that did not significantly change over the 
bursts. On the within-person level, we did not find an association (γ10 =

-0.21, p = .942). Morning WM significantly increased from Burst 1 to 
Burst 3 (γ40 = 8.69, p < .001). 

Discussion 

In Study 2, we found stable positive between-person associations 
between MVPA and WM in the afternoon and morning, in line with 
previous research (e.g., Hsieh et al., 2018). The design of Study 2 ex
pands previous findings through information about the stability of the 
observed effects, as the relation between MVPA and EF was stable across 
a longer period in preadolescence and different seasons (Burst 1, 3: 
winter; Burst 2: summer). In the evening, we did not find a 
between-person association between MVPA and WM performance, 
contradicting our hypothesis but in line with some previous research (e. 
g., van der Niet et al., 2015). In children, EF performance is typically not 
measured in the evening. Thus, findings from other studies (e.g., Tre
villion et al., 2022) might not be applicable to the evening WM assess
ment in our study. Before the evening assessment, daily structures and 
routines might have strongly varied between individuals, influencing 
the relationship between MVPA and WM. Hence, future studies 

Table 2 
Physical Activity (MVPA in hrs) predicting Working Memory (in %) at different Times of Day while controlling for Study Day, Weekend, Wear-Time, Gender, Age, and 
General Cognitive Abilities     

Afternoon  Evening  Next Morning  
Fixed Effects   Est. SE Est. SE Est. SE 

Burst 1 (Reference)  
Starting point γ00 42.26 3.85*** 48.74 3.76*** 49.47 3.95***  
MVPA, between-person effect γ01 24.90 11.52* 12.39 7.77 17.16 8.08*  
MVPA, within-person effect γ10 0.01 3.84 -5.20 2.72 -0.21 2.89 

Difference in Burst 2 vs. 1  
Starting point γ30 5.59 2.19* 4.51 2.15* 3.03 2.25  
MVPA, between-person effect γ31 -2.35 8.35 -2.46 6.46 -1.51 6.72  
MVPA, within-person effect γ50 -3.22 4.33 4.42 3.20 -0.78 3.43 

Difference in Burst 3 vs. 1  
Starting point γ40 8.92 2.41*** 9.98 2.34*** 8.69 2.39***  
MVPA, between-person effect γ41 -8.06 9.10 -6.79 6.75 -6.63 6.89  
MVPA, within-person effect γ60 -2.41 6.35 6.08 4.59 -1.23 4.90 

Adjustment variables  
Weekend γ80 0.48 2.23 -3.73 1.90 -0.78 2.03  
Gender (female) γ03 13.76 4.93** 10.75 4.60 13.65 4.89**  
Age γ02 -2.48 2.19 -3.24 2.13 -4.84 2.24*  
General cognitive abilities γ04 6.95 2.24** 5.51 2.15* 6.28 2.27** 

Nobservations  1060  1262  992   
Nparticipants  63  64  63   

Note. *** p < .001, ** p < .01, * p < .05. Study covariates (study day, accelerometer wear-time) omitted, see Table A.6 for full results (Appendix). 
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examining the role of PA for evening WM should assess such contextual 
variables. 

On the within-person level, we found no associations between MVPA 
and WM at any time of day. This contradicted our hypotheses but was 
somewhat in line with findings from the ambulatory assessment study 
by Trevillion et al. (2022) which found that MVPA in the two hours prior 
to WM assessment was not related to WM. Regarding prior day MVPA, 
they reported a negative association with WM while we found no as
sociation. Inconsistencies between the two studies might be explained 
through methodological aspects (e.g., different WM tasks). Contra
dicting our hypothesis, we observed a trend towards a negative associ
ation in the evening. Increased fatigue in the evening after more PA on 
the respective day (Haas et al., 2017) might negatively influence EF 
performance and explain this result pattern. 

As in Study 1, our findings were only correlational. Still, the design of 
Study 2 offers considerable benefits yielding novel insights: As an 
ambulatory assessment study, Study 2 ensures a high ecological validity 
and reflects variability occurring in everyday life. This enables us to 
better understand the real-life and real-time association between in
dividuals’ PA and their EF. Further, the examination of preadolescents’ 
WM in the evening granted us novel insights into the association be
tween PA and EF beyond previous examinations (e.g., Trevillion et al., 
2022). The association between PA and EF in the evening varied from 
the morning and afternoon associations, and more research is necessary 
to better understand why the association differs between times of day. 

General Discussion 

The two studies presented in this paper offer an overarching exam
ination of the relationship between objectively measured free-living PA 
and EF across the life span. The aim was to better understand the rela
tionship between PA and EF in everyday life, by examining the relation 
in different age groups (Study 1) and on different time scales (Study 2). 
Study 1 revealed differences in the relationship between age groups: in 
line with previous findings (Ludyga et al., 2016), we observed strongest 
associations in older adults (positive association). In Study 2, we focused 
on preadolescents as an age group with limited previous research find
ings, and found differences between time of assessment: while we found 
no association in the evening, MVPA was positively related to subse
quent WM in the afternoon and next morning between individuals. A key 
finding of Study 2 was that these associations were all stable across three 
measurement bursts spanning one year. The observed differences in the 
relationship between PA and EF in children may be explained with WM 
(Study 2) being more sensitive to PA in children than VF (Study 1; 
Alvarez-Bueno et al., 2017). 

It is a strength of our multi-study paper that we employed objective 
measures of PA (accelerometer) and EF (objective tests of VF and WM), 
expanding previous research that often relied on interventional study 
designs (Wickel, 2017) or questionnaire-assessed PA (Donnelly et al., 

2016). For Study 1 we examined VF, as the VF Test (Delis et al., 2001) 
was previously scaled across the lifespan. However, VF possibly captures 
language proficiency yet not fully developed in children (Cohen et al., 
1999), thereby underestimating the association between PA and EF. 
Thus, in Study 2, we examined WM as a specifically sensitive measure in 
children (Alvarez-Bueno et al., 2017), although somewhat limitting the 
comparability between the two studies. 

Despite the advantages of objectively measured PA, investigations of 
qualitative characteristics of PA and their relation to EF could help 
explain inconsistent research findings (van der Niet et al., 2015). Thus, 
future research could combine objective measures of PA with ques
tionnaires. Further, our findings from Study 2 highlight the importance 
of employing more ambulatory assessment studies in the future to better 
understand the relation between PA and EF between and within in
dividuals but also on different time scales. It could be especially inter
esting for future studies to examine the role of PA for evening EF. 
Ambulatory assessment studies should also be implemented in different 
age groups - especially in those with fast developmental changes (e.g., 
older adults). Future work should further implement comparable EF 
measures across the lifespan (Study 1) to increase comparability be
tween different age groups. 

Our findings implicate that free-living PA is of high relevance for EF, 
which, again, is relevant for individuals to engage in health behaviours 
(Dong et al., 2022). EF are closely linked to individuals’ mental health 
(e.g., depressive symptoms), and PA could be a promising solution to 
increase EF and therefore improve diverse mental health aspects (Ren 
et al., 2023). Investigating the importance of a physically active lifestyle 
is becoming increasingly important, and our paper helps generate hy
potheses for future studies regarding differences between age groups as 
well as time of day. More research is needed to fully understand the 
relation between PA and EF in everyday life, and the role they can play 
for mental health. 

Funding 

This paper was supported by the Scottish Government, Rural and 
Environmental Science & Analytical Services (RESAS) division. The 
Full4Health project was funded by the European Union’s Seventh 
Framework Programme FP7-KBBE-2010-4 under grant agreement No: 
266408. Authors from the University of Aberdeen, Rowett Institute 
gratefully acknowledge financial support from the Scottish Government 
as part of the RESAS Strategic Research Programme at the Rowett 
Institute. The AttentionGO project was supported by the Deutsche For
schungsgemeinschaft (GA1277/ 9-1). Gertraud Stadler gratefully ac
knowledges financial support from the Chancengleichheits-Programm. 
We acknowledge support from the Open Access Publication Fund of the 
University of Tübingen. 

Fig. 2. Between-Person Association between Physical Activity per Day (Person Mean) and Working Memory (Person Mean) across different Times of Day  

A. Eppinger-Ruiz de Zarate et al.                                                                                                                                                                                                            



International Journal of Clinical and Health Psychology 24 (2024) 100425

7

CRediT authorship contribution statement 

Anne Eppinger-Ruiz de Zarate: Data curation, Formal analysis, 
Investigation, Methodology, Visualization, Writing – original draft. 
Daniel Powell: Conceptualization, Data curation, Formal analysis, 
Methodology, Visualization, Writing – original draft. Jan Kühnhausen: 
Conceptualization, Data curation, Methodology, Writing – review & 
editing, Formal analysis. Julia L. Allan: Conceptualization, Writing – 
review & editing, Funding acquisition, Methodology. Alexandra 
Johnstone: Writing – review & editing, Funding acquisition. Daniel R. 
Crabtree: Writing – review & editing, Investigation. William Buosi: 
Writing – review & editing, Investigation. Claire L. Fyfe: Writing – re
view & editing, Investigation. David McMinn: Data curation, Writing – 
review & editing, Investigation, Methodology. Brett McCavour: Writing 
– review & editing, Investigation. Caterina Gawrilow: Conceptualiza
tion, Funding acquisition, Methodology, Supervision, Writing – review 
& editing, Project administration. Gertraud Stadler: Conceptualization, 
Methodology, Writing – review & editing, Supervision, Project admin
istration, Formal analysis. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors wish to thank all participants (and parents) for taking 
part in the studies. Additionally, we want to thank Merle Reuter and 
Ulrike Schwarz for their help in data collection and preparation of the 
AttentionGO project. We also thank the student assistants for their 
support in data collection in all studies. Further, we thank Patrick E. 
Shrout for his expert advice and valuable feedback on the first draft of 
the manuscript. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.ijchp.2023.100425. 

References 

Alvarez-Bueno, C., Pesce, C., Cavero-Tedondo, I., Sanchez-Lopez, M., Martinez- 
Hortelano, J. A., & Martinze-Vizcaino, V. (2017). The effect of physical activity 
interventions on children’s cognition and metacognition: A systematic review and 
meta-analysis. J. Am. Acad. Child Adolesc. Psychiatr, 56(9), 729–738. https://doi.org/ 
10.1016/j.jaac.2017.06.012 

Barkley, R. A. (2001). The Executive Functions and Self-Regulation: An Evolutionary 
Neuropsychological Perspective. Neuropsychology Review, 11(1), 1–29. https://doi. 
org/10.1023/A:1009085417776 

Cheval, B., Darrous, L., Choi, K. W., Klimentidis, Y. C., Raichlen, D. A., Alexander, G. E., 
Cullati, S., Kutalik, Z., & Boisgontier, M. (2023). Genetic insights into the causal 
relationship between physical activity and cognitive functioning. Sci. Rep., 13, 5310. 
https://doi.org/10.2139/ssrn.4223972 

Cohen, M. J., Morgan, A. M., Vaughn, M., & Riccio, C. A. (1999). Verbal Fluency in 
Children : Developmental Issues and Differential Validity in Distinguishing Children 
with Attention-Deficit Hyperactivity Disorder and Two Subtypes of Dyslexia. Arch. 
Clin. Neuropsychol., 14(5), 433–443. https://doi.org/10.1016/S0887-6177(98) 
00038-9 

Colcombe, S., & Kramer, A. F. (2003). Fitness effects on the cognitive function of older 
adults: A meta-analytic study. Psychol. Sci., 14(2), 125–130. https://doi.org/ 
10.1177/1745691617707316 

Cox, E. P., O’Dwyer, N., Cook, R., Vetter, M., Cheng, H. L., Rooney, K., & O’Connor, H 
(2016). Relationship between physical activity and cognitive function in apparently 
healthy young to middle-aged adults: A systematic review. J. Sci. Med. Sport, 19(8), 
616–628. https://doi.org/10.1016/j.jsams.2015.09.003 

Crabtree, D. R., Buosi, W., Fyfe, C. L., Horgan, G. W., Manios, Y., Androutsos, O., … 
Johnstone, A. M. (2020). Appetite control across the lifecourse: the acute impact of 
breakfast drink quantity and protein content. Nutrients, 12, 3710. https://doi.org/ 
10.3390/nu12123710 

Daly, M., McMinn, D., & Allan, J. L. (2015). A bidirectional relationship between 
physical activity and executive function in older adults. Front. Hum. Neurosci., 8(1), 
1–9. https://doi.org/10.3389/fnhum.2014.01044 

Delis, D. C., Kaplan, E., & Kramer, J. H. (2001). Delis-Kaplan executive function system 
(D-KEFS). APA PSyTests. https://doi.org/10.1037/t15082-000 

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol., 64, 135–168. https://doi. 
org/10.1002/9781119557036.ch10 

Dirk, J., & Schmiedek, F. (2016). Fluctuations in elementary school children’s working 
memory performance in the school context. J. Educ. Psychol., 108(5), 722–739. 
https://doi.org/10.1037/edu0000076 

Dirk, J., & Schmiedek, F. (2017). Variability in children’s working memory is coupled 
with perceived disturbance: An ambulatory assessment study in the school and out- 
of-school context. Res. Hum. Dev., 14(3), 200–218. https://doi.org/10.1080/ 
15427609.2017.1340051 

Dong, Z., Wang, P., Xin, X., Li, S., Wang, J., Zhao, J., & Wang, X. (2022). The relationship 
between physical activity and trait anxiety in college students: The mediating role of 
executive function. Fronti. Hum. Neurosci., 16, Article 1009540. https://doi.org/ 
10.3389/fnhum.2022.1009540 

Donnelly, J. E., Hillman, C. H., Etnier, J. L., Lee, S., Tomporowski, P., Lambourne, K., & 
Szabo-reed, A. N. (2016). Physical activity, fitness, cognitive function, and academic 
achievement in children: A systematic review. Med. Sci. Sports Exerc., 48(6), 
1197–1222. https://doi.org/10.1249/MSS.0000000000000901 

Erickson, K. I., Hillman, C. H., & Kramer, A. F. (2015). Physical activity, brain, and 
cognition. Curr. Opin. Behav. Sci., 4, 27–32. https://doi.org/10.1016/j. 
cobeha.2015.01.005 

Evenson, K. R., Catellier, D. J., Gill, K., Ondrak, K. S., & McMurray, R. G. (2008). 
Calibration of two objective measures of physical activity for children. J. Sports Sci., 
26(14), 1557–1565. https://doi.org/10.1080/02640410802334196 

Ferguson, H. J., Brunsdon, V. E. A., & Bradford, E. E. F. (2021). The developmental 
trajectories of executive function from adolescence to old age. Sci. Rep., 11(1), 1–17. 
https://doi.org/10.1038/s41598-020-80866-1 

Freedson, P., Pober, D., & Janz, K. F. (2005). Calibration of accelerometer output for 
children. Med. Sci. Sports Exerc., 37, 523–530. https://doi.org/10.1249/01. 
mss.0000185658.28284.ba 

Freedson, P. S., Melanson, E., & Sirard, J. R. (1998). Calibration of the computer science 
and applications, Inc. accelerometer. Med. Sci. Sports Exerc., 30(5), 777–781. https:// 
doi.org/10.1097/00005768-199805000-00021 

Gustavson, D. E., Panizzon, M. S., Franz, C. E., Reynolds, C. A., Corley, R. P., 
Hewitt, J. K., Lyons, M. J., Kremen, W. S., & Friedman, N. P. (2019). Journal of 
Experimental Psychology : General in Adolescence and Middle Age. J. Exp. Psychol., 
148(12), 2104–2119. https://doi.org/10.1037/xge0000589 

Haas, P., Schmid, J., Stadler, G., Reuter, M., & Gawrilow, C. (2017). Zooming into daily 
life : Within-person associations between physical activity and affect in young adults. 
Psychol. Health, 32(5), 588–604. https://doi.org/10.1080/08870446.2017.1291943 

Hachenberger, J., Li, Y.-M., & Lemola, S. (2023). Physical activity, sleep and affective 
wellbeing on the following day: An experience sampling study. J Sleep Res, 32, 
e13723. https://doi.org/10.1111/jsr.13723 

Hoare, E., Collins, S., Marx, W., Callaly, E., Moxham-Smith, R., Cuijpers, P., Holte, A., 
Nierenberg, A. A., Reavley, N., Christensen, H., Reynolds, C. F., Carvalho, A. F., 
Jacka, F., & Berk, M. (2021). Universal depression prevention: An umbrella review of 
meta-analyses. J. Psychiatr. Res., 144, 483–493. https://doi.org/10.1016/j. 
jpsychires.2021.10.006 

Horn, R. (2009). Raven’s Standard Progressive Matrices. Pearson.  
Hsieh, S. S., Fung, D., Tsai, H., Chang, Y. K., Huang, C. J., & Hung, T. M. (2018). 

Differences in working memory as a function of physical activity in children. 
Neuropsychology, 32(7), 797–808. https://doi.org/10.1037/neu0000473 

Huizinga, M., Dolan, C. V., & van der Molen, M. W. (2006). Age-related change in 
executive function: Developmental trends and a latent variable analysis. 
Neuropsychologia, 44(11), 2017–2036. https://doi.org/10.1016/j. 
neuropsychologia.2006.01.010 

Jerome, G. J., Young, D. R., Laferriere, D. A. N., Chen, C., & Vollmer, W. M. (2009). 
Reliability of RT3 accelerometers among overweight and obese adults. Med. Sci. 
Sports Exerc., 41(1), 110–114. https://doi.org/10.1249/MSS.0b013e3181846cd8 

Kamijo, K., & Takeda, Y. (2010). Regular physical activity improves executive function 
during task switching in young adults. International Journal of Psychophysiology, 75 
(3), 304–311. https://doi.org/10.1016/j.ijpsycho.2010.01.002 

Kramer, A. F., & Colcombe, S. (2018). Fitness effects on the cognitive function of older 
adults: A meta-analytic study—revisited. Perspect. Psychol. Sci., 13(2), 213–217. 
https://doi.org/10.1177/1745691617707316 

Lin, J., Wang, K., Chen, Z., Fan, X., Shen, L., Wang, Y., Yang, Y., & Huang, T. (2018). 
Associations between objectively measured physical activity and executive 
functioning in young adults. Percept. Mot. Ski., 125(2), 278–288. https://doi.org/ 
10.1177/0031512517745438 

Ludyga, S., Gerber, M., Brand, S., Holsboer-trachsler, E., & Pühse, U. (2016). Acute 
effects of moderate aerobic exercise on specific aspects of executive function in 
different age and fitness groups: A meta-analysis. Psychophysiology, 53, 1611–1626. 
https://doi.org/10.1111/psyp.12736 

McCavour, B. (2018). Wich facets of executive function relate most strongly to physical 
activity behaviour?. In Unpublished master’s thesis. University of Aberdeen.  

McKinney, T. L., Euler, M. J., & Butner, J. E. (2020). It’s about time: The role of temporal 
variability in improving assessment of executive functioning. Clin. Neuropsychol., 34 
(4), 619–642. https://doi.org/10.1080/13854046.2019.1704434 

McMinn, D., & Allan, J. L. (2014). The SNAPSHOT study protocol: SNAcking, physical 
activity, self-regulation, and heart rate over time. BMC Public Health, 14(1), 1–11. 
https://doi.org/10.1186/1471-2458-14-1006 

A. Eppinger-Ruiz de Zarate et al.                                                                                                                                                                                                            

https://doi.org/10.1016/j.ijchp.2023.100425
https://doi.org/10.1016/j.jaac.2017.06.012
https://doi.org/10.1016/j.jaac.2017.06.012
https://doi.org/10.1023/A:1009085417776
https://doi.org/10.1023/A:1009085417776
https://doi.org/10.2139/ssrn.4223972
https://doi.org/10.1016/S0887-6177(98)00038-9
https://doi.org/10.1016/S0887-6177(98)00038-9
https://doi.org/10.1177/1745691617707316
https://doi.org/10.1177/1745691617707316
https://doi.org/10.1016/j.jsams.2015.09.003
https://doi.org/10.3390/nu12123710
https://doi.org/10.3390/nu12123710
https://doi.org/10.3389/fnhum.2014.01044
https://doi.org/10.1037/t15082-000
https://doi.org/10.1002/9781119557036.ch10
https://doi.org/10.1002/9781119557036.ch10
https://doi.org/10.1037/edu0000076
https://doi.org/10.1080/15427609.2017.1340051
https://doi.org/10.1080/15427609.2017.1340051
https://doi.org/10.3389/fnhum.2022.1009540
https://doi.org/10.3389/fnhum.2022.1009540
https://doi.org/10.1249/MSS.0000000000000901
https://doi.org/10.1016/j.cobeha.2015.01.005
https://doi.org/10.1016/j.cobeha.2015.01.005
https://doi.org/10.1080/02640410802334196
https://doi.org/10.1038/s41598-020-80866-1
https://doi.org/10.1249/01.mss.0000185658.28284.ba
https://doi.org/10.1249/01.mss.0000185658.28284.ba
https://doi.org/10.1097/00005768-199805000-00021
https://doi.org/10.1097/00005768-199805000-00021
https://doi.org/10.1037/xge0000589
https://doi.org/10.1080/08870446.2017.1291943
https://doi.org/10.1111/jsr.13723
https://doi.org/10.1016/j.jpsychires.2021.10.006
https://doi.org/10.1016/j.jpsychires.2021.10.006
http://refhub.elsevier.com/S1697-2600(23)00061-3/sbref0024
https://doi.org/10.1037/neu0000473
https://doi.org/10.1016/j.neuropsychologia.2006.01.010
https://doi.org/10.1016/j.neuropsychologia.2006.01.010
https://doi.org/10.1249/MSS.0b013e3181846cd8
https://doi.org/10.1016/j.ijpsycho.2010.01.002
https://doi.org/10.1177/1745691617707316
https://doi.org/10.1177/0031512517745438
https://doi.org/10.1177/0031512517745438
https://doi.org/10.1111/psyp.12736
http://refhub.elsevier.com/S1697-2600(23)00061-3/optUmRJiottW7
http://refhub.elsevier.com/S1697-2600(23)00061-3/optUmRJiottW7
https://doi.org/10.1080/13854046.2019.1704434
https://doi.org/10.1186/1471-2458-14-1006


International Journal of Clinical and Health Psychology 24 (2024) 100425

8

Migueles, J. H., Martinez-Nicolas, A., Cadenas-Sanchez, C., Esteban-Cornejo, I., 
Muntaner-Mas, A., Mora-Gonzalez, J., Rodriguez-Ayllon, M., Madrid, J. A., 
Rol, M. A., Hillman, C. H., Catena, A., & Ortega, F. B. (2021). Activity-rest circadian 
pattern and academic achievement, executive function and intelligence in children 
with obesity. Scand J Med Sci Sports, 31(3), 653–664. https://doi.org/10.1111/ 
sms.13862 

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager, T. D. 
(2000). The unity and diversity of executive functions and their contributions to 
complex “frontal lobe” tasks: A latent variable analysis. Cogn. Psychol., 41(1), 
49–100. https://doi.org/10.1006/cogp.1999.0734 
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