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ARTICLE INFO ABSTRACT

Keywords: Background: High-level expertise in team-sports is associated with superior performance on executive functions
fMRI (EFs) such as working memory (WM) and action inhibition, and with altered activation of brain areas related to
working memory these EFs. In most such studies, athletes were sampled from the domain of dynamic (i.e., open-skill) team-sports
Action 1n}.11b1t10n (e.g., soccer players). Whether static (i.e., closed-skill) team-sports athletes (e.g., rowers and synchronized
Closed-skill team sports N . . . . . s .
Elite athletes swimmers) also show superior EFs performance and differential EF-related functional brain activation remains
unknown.
Methods: We recruited 14 elite closed-skill athletes, all national champions, and internationally competitive in
various rowing disciplines, as well as 14 controls matched on gender, age, and education, and had them perform
working memory and action inhibition (stop-signal) tasks during fMRI scanning.
Results: Group differences in performance in either task failed to obtain statistical significance, although athletes
showed a numerical trend toward higher WM capacity than controls. Importantly, task-related BOLD responses
suggested that Olympic closed-skill team athletes show stronger recruitment of brain areas that emphasize
relatively stable task demands and weaker engagement of brain areas that emphasize rapidly changing demands
imposed by extraneous stimulation.
Conclusion: Functional brain imaging data suggest elite closed-skill athletes may employ different cognitive
strategies.

1. Introduction

Executive function (EF) is a colloquial term (commonly referred to as
control of high-level cognition) that comprises a set of component pro-
cesses that support goal-directed behaviors (Friedman and Miyake,
2004, 2017; Miyake et al., 2000; Miyake and Friedman, 2012; Sira and
Mateer, 2014) such as working memory (WM) (a limited capacity system
for selecting, updating, and temporarily holding information available
for processing; for review see Baddeley A., 2012; Baddeley, 2012), and
response inhibition (overriding habitual or prepotent responses in favor
of more desirable ones; for review see Richard Ridderinkhof et al., 2011;
Richard Ridderinkhof et al., 2011). The integrative EF model proposed
by Miyake et al. (2000) classified EF into three partially dissociable

components: updating (monitoring and manipulating WM contents),
shifting (changing between task sets or goals), and inhibition (suppres-
sion of prepotent actions). Inhibition was considered a generic compo-
nent that impacts performance in all tasks measuring EF (Friedman
et al., 2008; Friedman and Miyake, 2017; Miyake and Friedman, 2012).

Interestingly, cross-sectional studies in dynamic team sports have
demonstrated that professional volleyball players (Alves et al., 2013), as
well as soccer players at the talent and top levels (Alves et al., 2013;
Verburgh et al., 2014; Vestberg et al., 2012), outperform non-athletes in
inhibiting intended actions in stop-signal tasks (Beavan et al., 2020a,
2020b, 2022; Scharfen and Memmert, 2022). Of note, this robust trend
of superior performance among team-sports athletes was observed pri-
marily in so-called open-skill sports (Hodges et al., 2006; Scharfen and
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Memmert, 2019; Wang et al., 2013), which are characterized by strong
demands to respond quickly and adaptively in constantly changing,
unpredictable, and externally-paced circumstances (Brady, 1995, 1996;
Singer and Gerson, 1981). For example, recent meta-analytical findings
underscore the differential impact of domain-specific and
domain-general cognitive functions on sports performance, illustrating
that higher skilled athletes exhibit superior performance in tasks
requiring complex cognitive decision-making skills (Kalén et al., 2021).
In contrast, closed-skill sports (such as running or rowing) are charac-
terized by relatively stable, predictable, and self-paced environments in
which movement patterns can be planned (Brady, 1995, 1996; Singer
and Gerson, 1981; Voss et al., 2010; Wang et al., 2013). Whether the
superior inhibition skills observed for athletes in dynamic, open-skill
team-sports can also be observed among athletes in static, closed-kill
team-sports remains unclear. A primary research question for the pre-
sent investigation is how elite performance in closed-skill sports alters
the patterns of neural circuit activation among Olympic closed-skill
team athletes compared to controls.

In addition to inhibitory control, WM is crucial for guiding complex
behavior and following instructions (Kane and Engle, 2003). Picture a
game of soccer on the field during a match. When a player has the ball at
their feet, s/he needs to continually update the positions, movements,
and apparent intentions of teammates and opponents, while monitoring
the ‘openings’ for playing the ball (and how these opportunities change
as the players move). S/he must also remember and apply team tactics
and strategies and the game’s rules (Furley and Memmert, 2012; Glavas
et al., 2023). The player needs to remember all such information to make
the best decision for the next move. WM is the set of processes that allow
us to update, manipulate, and maintain relevant information online and
use it to carry out complex tasks (Baddeley, 2012; Buszard and Masters,
2018). Two types of WM are commonly distinguished according to the
content of WM: verbal and visuo-spatial WM (Sira and Mateer, 2014).
Verbal WM consists of maintaining and manipulating verbal items, such
as words, numbers, and their relations. Visuo-spatial WM consists of
spatial and non-verbal items, such as locations, orientations, or shapes
(Zimmer, 2008). We will focus on visuo-spatial WM for present purposes
since this is more applicable to sports settings (Bisagno and Morra, 2018;
Buszard et al., 2017; P. Furley and Memmert, 2010; Furley and Wood,
2016; P. A. Furley and Memmert, 2010; Heppe et al., 2016; Scharfen and
Memmert, 2019; Vaughan and Laborde, 2021).

In recent years, several theoretical papers have speculated on the
potential role of WM capacity in sports, proposing that inter-individual
variability in WM capacity might moderate athletic performance in
sports competitions (Furley and Wood, 2016; P. A. Furley and Memmert,
2010). WM capacity will likely facilitate athletic skill development
(Buszard et al., 2017; Buszard and Masters, 2018). One study (Furley
and Memmert, 2010) examined visuo-spatial WM abilities of basketball
athletes using the Corsi block-tapping test, in which an experimenter
tapped a random sequence of blocks, and participants had to repeat this
sequence. Task difficulty was increased by increasing the length of the
sequences. Overall performance on the task did not differ between elite
basketball players and non-athletes, suggesting that elite basketball
players do not possess superior visuo-spatial WM abilities. However, this
observation might be explained by the sequential nature of the task,
which is not a common requirement for basketball (and most other
open-skill team-sports). Thus, the authors suggested that future studies
tax WM in a task that presents spatial stimuli simultaneously rather than
sequentially since this represents the situations and demands in most
sports (Furley and Memmert, 2010; Koch and Krenn, 2021; Russo et al.,
2022). Accordingly, our study will use a change-detection paradigm that
may be more optimally representative as athletes in many sports must
continually detect environmental changes. Note that visuospatial
cognition plays a role not only in open-skill sports, such as basketball
(Heppe et al., 2016; Nian et al., 2023; Vera et al., 2020), but also in
closed-skill sports. For instance, Moreau (2013) reported the effects of
sports training on mental rotation performance in wrestling and
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running. Chueh et al. (2017) showed that sports training enhanced
visuo-spatial attention and memory performance in both open- and
closed-skill athletes. These findings may support our conjunction that
the effects of motor training on functional plasticity in the brain may
also influence the ability to manipulate visuo-spatial representations.

Despite the critical role of working memory (WM) in sports success,
there is limited research on whether elite athletes possess higher WM
capacity than controls, especially among those in closed-skill sports,
which involve less dynamic environments compared to open-skill sports
(Bisagno and Morra, 2018; P. Furley and Memmert, 2010; Furley and
Wood, 2016; Moreau, 2013; Scharfen and Memmert, 2019; Vaughan
and Laborde, 2021). Previous studies have predominantly focused on
behavioral assessments of executive functions without directly
measuring brain activity during task performance. Our study addresses
one of the gaps by using functional magnetic resonance imaging (fMRI)
to observe brain function during specific executive tasks—working
memory and action inhibition—in Olympic-level closed-skill athletes.
This methodological choice provides direct insights into the brain dy-
namics underpinning elite performance in closed-skill sports, thereby
enhancing the ecological validity of our findings and offering valuable
perspectives on cognitive and neural adaptations in top-level athletes.
This hypothesis aligns with the theory of experience-dependent brain
plasticity, which posits that the brain structurally and functionally
adapts to the specific demands of an individual’s experiences (Draganski
et al., 2006; Maguire et al., 2000). Few theories have been proposed to
support this notion, the concept of "deliberate practice," as articulated by
Ericsson et al. (1993), suggests that engaging in highly structured ac-
tivities designed to improve performance in a specific domain is asso-
ciated with changes in associated cognitive and neural systems (Ericsson
et al., 1993). According to the "contextual interference effect" theory
(Magill and Hall, 1990), learning in stable, predictable environ-
ments—typical of closed-skill sports—should lead to specific adapta-
tions in neural networks that support efficient execution under similar
stable conditions. This theory suggests that closed-skill athletes develop
superior cognitive strategies to manage consistent, repetitive tasks,
possibly leading to different patterns of brain activation than those
observed in athletes from open-skill sports, who must respond to dy-
namic, unpredictable environments (Magill and Hall, 1990). These
theoretical frameworks, combined with our experimental design, aim to
provide a comprehensive understanding of how specialized training in
closed-skill sports might influence EFs and its neural substrates. This not
only addresses the gap identified but also enriches the discussion about
the cognitive impacts of different types of athletic training.

We acknowledge the substantial body of research comparing athletes
and non-athletes on EFs. However, the majority of these studies have
focused primarily on behavioral assessments (Beavan et al., 2020b,
2020a; Buszard et al., 2017; Chan et al., 2011; Chang et al., 2017; Chen
et al., 2019; Chiu et al., 2017; Echemendia et al., 2019; Fleddermann
et al., 2023; P. Furley and Memmert, 2010; Furley and Wood, 2016;
Heppe et al.,, 2016; Hodges et al., 2006; Hiilsdiinker et al., 2016;
Jacobson and Matthaeus, 2014; Kalén et al., 2021; Koch and Krenn,
2021; Liao et al., 2017; D. Y. Mann et al., 2007; Mayers et al., 2011;
F.-W. Meng et al., 2019; Nakamoto and Mori, 2008; Russo et al., 2022;
Scharfen and Memmert, 2022; Seve et al., 2009; Taddei et al., 2012;
Vaughan and Laborde, 2021; Voss et al., 2010; Wang et al., 2013; Wil-
liams et al., 2011). Our study contributes uniquely to the field by
employing functional MRI to investigate brain activity during the
execution of well-defined cognitive tasks. Unlike the predominant focus
on open-skill sports in previous fMRI studies, our research extends this
investigation to Olympic athletes in closed-skill team sports, providing
insights into the neural mechanisms underpinning their cognitive pro-
cessing in highly specific and controlled task settings. This approach not
only fills a critical gap in the literature but also enhances our under-
standing of how elite training in these specific sports categories in-
fluences cognitive and neural function.

The current study aimed to examine differential performance in
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action inhibition performance and WM capacity tasks, and in the un-
derlying neural circuitry, between elite closed-skill athletes and con-
trols. For action inhibition, elite athletes have reported superior
performance, especially in open-skill sports (Beavan et al., 2020Db,
2020a; Buszard et al., 2017; Chan et al., 2011; Chang et al., 2017; Chen
et al., 2019; Chiu et al., 2017; Echemendia et al., 2019; Fleddermann
et al., 2023; P. Furley and Memmert, 2010; Furley and Wood, 2016;
Heppe et al.,, 2016; Hodges et al., 2006; Hiilsdiinker et al., 2016;
Jacobson and Matthaeus, 2014; Kalén et al., 2021; Koch and Krenn,
2021; Krenn et al., 2018; Liao et al., 2017; D. Y. Mann et al., 2007;
Mayers et al., 2011; F.-W. Meng et al., 2019; Nakamoto and Mori, 2008;
Russo et al., 2022; Scharfen and Memmert, 2022; Seve et al., 2009;
Taddei et al., 2012; Vaughan and Laborde, 2021; Voss et al., 2010; Wang
et al., 2013; Williams et al., 2011; Yu and Liu, 2021). We thus hypoth-
esize that closed-skills team sports athletes show more efficient action
inhibition than controls. Moreover, several theoretical papers have
proposed that WM is important for athletic performance and that elite
athletes outperform controls on general WM tasks. However, the field
lacks behavioral and neural data to support this hypothesis unequivo-
cally. Our study will use a single-probe version of the change-detection
paradigm of Pessoa et al. (2002) to measure visuo-spatial WM. This is
the first study to examine subsets of executive functions (i.e., working
memory and action inhibition) and their underlying functional brain
mechanism among elite athletes in closed skills and static team sports.
We hypothesize that elite closed-skill team athletes (Olympic rowers and
synchronized swimmers) display higher WM capacity than controls.
Generally, we aim to examine whether behavioral and neural evidence
for differential performance can be observed among close-skill athletes.

2. Methods and materials
2.1. Participants

Three participants did not fully complete the study. One control
participant did not complete the second run, and one control participant
did not complete both runs due to problems with the fMRI scanner. One
closed-skill athlete did not have complete data for the second run, due to
problems with data export. In our final sample, 28 participants were 14
Olympic aquatic team sports athletes (Mage = 25.3, SDage = 4.76) and 14
controls (Mage = 23.8, SDage = 2.60) matched on gender, age, and ed-
ucation level. Closed skill was defined as a skill in sports that takes place
in a structured and static environment, requiring highly self-paced ac-
tivity and synchronization with team members. To our knowledge, no
studies have been conducted to examine cognitive functions in closed-
skill team sports. Specifically, top rowers have to exercise ideal coor-
dination with every teammate on every catch and drive to be exquisitely
aware of the boat’s pace and recovery timing, and to adjust their blade to
adapt to the wind and wave, as well as for balancing a boat while rocking
from side to side. Likewise, top synchronized swimmers perform a col-
lective pattern of elaborate moves in the water, synchronized to music
and in sync with team members. This sport requires interpersonal co-
ordination and constant attention to the rhythm of music to execute the
corresponding moves simultaneously with their teammates. Both
rowing and synchronized swimming are aquatic team sports that meet
the definition of closed-skill sports. This notion makes the perfect pop-
ulation for us to study. All rowing athletes were part of the Dutch
Women’s Rowing Team, which competed at the Olympic games. Most of
them won a gold medal at the 2012 or 2016 Summer Olympics. Both
rowing and synchronized swimming athletes of this study were members
of TeamNL, representing the Netherlands, and competed at an interna-
tional top level. All participants were compensated with €10 or 1
research credit as a reward for their participation. All participants in the
experiment reported no major medical or psychological conditions,
right-hand dominance, not taking medication, no psychiatric disorders,
neurological history, normal color vision, normal or corrected-to-
normal vision acuity, and no head injury. Before participating in the
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study, all participants gave written informed consent for their partici-
pation in compliance with a procedure approved by the Ethics Review
Board (Faculty of Social and Behavioral Sciences) of the University of
Amsterdam. Statistical analysis for group comparison was conducted
using JASP (.8.6.0) (JASP Team, 2022). Demographic information is
summarized in Table 1.

2.2. General procedure

All participants performed two cognitive tasks and one self-report
questionnaire at the Spinoza Center for Neuroimaging in Amsterdam.
Across all participants, the cognitive tests accessed by fMRI were scan-
ned in the following order.

1) Stop signal task practice session (2 min);

2) Change detection task practice session (1 min);
3) First run of the change detection task (6 min);
3) First run of the stop signal task (12 min);

4) Anatomical T1 images (5 min);

5) Second run of the stop signal task (12 min);

6) Second run of the change detection task (6 min).

To reduce risks of potential detrimental effects of fatigue/practice,
participants took a 1-min rest between the consecutive tests during the
MR scanning session.

2.3. Apparatus

All experiments were programmed in Presentation® on the HP 72620
desktops, and visual stimuli were generated on a BOLD screen from
Cambridge Research Systems® with 32" displays. Participants were
instructed to press a button on the 2x4 Button Bimanual Curved Lines
Response Box (HHSC-2x4-C)® used in computer-based tasks compatible
with MRI scanners. The distance between the participant’s eye and the
mirror was about 10 cm from the mirror to the screen was about 148 cm.

2.4. MRI data acquisition

Functional and structural MRI images were scanned in a Philips 3T
Achieva MRI machine in the Spinoza Center for Neuroimaging,
Amsterdam, The Netherlands. A SENSE 32-channel receiver whole-head
array coil was used for data collection. T2*-weighted functional images
were acquired using an echo-planar imaging (EPI) sequence (TR =
2000ms, TE = 27ms, 37 oblique slices acquired in ascending interleaved
order, 3.0 x 3.0 x 3.0 mm2 isotropic voxel, 80 x 80 matrices in a 220
mm? field of view, flip angle 76°, thickness = 3 mm, 160 slice numbers
during the change detection task, and 363 slice numbers during the stop-
signal task). Structural images were collected using a magnetization-
prepared rapid acquisition gradient echo (MPRAGE). A T1-weighted

Table 1

Demographic information of the current study.
Group Athletes Controls t (26) P-value
N 14 14 N/A N/A
Age 27.5 (£4.5) 24.4 (£2.9) 2.196 .037
Gender (F/N) 43 .57 N/A N/A
Education 21.4 (£1.5) 20.7 (£2) 971 .34
Handedness (L/N) 2 .06 N/A N/A
Starting age 18.1 (+4.7) N/A N/A N/A
Duration (years) 8.7 (£3.9) N/A N/A N/A
Hours per time 2.6(+.8) N/A N/A N/A

Note: N = total sample size, F = female, L = Left handedness, N/A = not
available, T = Independent samples t-test. The closed skill athletes (consisting of
rowers and synchronized swimmers) were slightly older, played at a higher level
of competition, were professional athletes for a longer time, and participated in
more training per week.
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sequence in the same orientation as the functional sequences were ac-
quired to provide high-resolution anatomical images for subsequent
alignment to the functional scans (TR = 8 ms, TE = 3.7 ms, FOV = 240 x
240 mm?, thickness = 1 mm, slice number = 220, flip angle 8°, voxel
size 1 x 1 x 1 mm) and spatial normalization.

2.5. Task procedure of change detection task

The fMRI paradigm of working memory was first applied by Pessoa
et al. (2002) and modified by Sligte et al. (2011) (Pessoa et al., 2002;
Sligte et al., 2011). This task measures visuo-spatial WM, since both the
location and the orientation of the test cue should be kept in memory to
give a correct answer. Before the experimental trials started, the par-
ticipants performed 10 practice trials to understand the general pro-
cedure of the task. Participants then performed 60 formal trials. One
trial lasted 6000ms and had the following procedure (see Fig. 1). A
fixation stimulus was presented on the screen and turned green for
500ms to indicate that visual cues would be shown. Then 6 rectangles
appeared in a circular array for 1000ms before disappearing. The
orientation of these 6 rectangles needed to be remembered. After a
delay-period of 2000ms one rectangle was shown at one of the 6 posi-
tions. In 16 trials the orientation of the rectangle changed 90°, and in 16
other trials, the orientation did not change. Subjects needed to indicate
if there was a change (right button) or not (left button).

In addition, the change detection task contained 20 blank trials and 8
null trials. In null trials, the sample and test cues were void, containing
no useful information and imposing no load on WM capacity. In the
blank trials, only the fixation was presented on a blank screen between
1000ms and 8000ms. These trials were implemented to prevent antici-
pation effects of oncoming trials and to compare brain activation be-
tween experimental trials (change trial/no change trial), visual input in
general (null trial), and no visual input (blank trial). Participants were to
indicate whether or not one of six rectangles had changed its orientation.

- >

ITI
15-8s

Fixation
Cue
1s

+ Array

Response Response

Change

Change
Or
No Change

Or
No Change

Fig. 1. The change detection task for working memory.

Memory
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Delay
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2.6. Behavioral data analysis: working memory

The accuracy of change-detection task performance measures WM
capacity. Specifically, Cowan’s k is used as an index of working memory
capacity between 0 and 6 (Rouder et al., 2011). Higher values of k
correspond to higher performance, where k is calculated as follows:

k=N (h—f)

where N corresponds to the number of items, h to the hit rate in the
change trials, and f to the false alarm rate in the change and no-change
trials. For the statistical analyses, ANOVA’s were calculated in R to
compare the performance on the WM task between athletes and
controls.

2.7. Functional data analysis: working memory

Voxel-wise changes in the BOLD signal responses measured the
functional images related to WM performance. This data was analyzed
using FSL software (Allefeld and Haynes, 2014). Preprocessing steps
included motion correction, non-brain tissue removal, spatial smoothing
to 5 mm, and high-pass temporal filtering. Functional scans were
registered to high-resolution EPI images, registered to T1 images,
registered to standard MNI152 space. The general linear model in FSL
was fitted into EPI images (Beckmann et al., 2006). For the first-level
analyses, ten events were modeled as regressors for the
change-detection task to compare activation patterns between the 4
different trial conditions, of which contrast 10 was the event of interest.
It consisted of the difference in activation when participants had a WM
load (change trials + no change trials) compared to when they did not
have a WM load (null trials). With this contrast, we can measure the
executive features of the WM network because it compares trials in
which WM is loaded with trials in which the visual input is similar, but
WM is not taxed.

Four events were modeled for both group comparisons (closed-skill

p=0.057

Cowan's K

Closed skills Controls

Memory
Probe
1s

A. Working memory paradigm. B. The behavioral scores in the change-detection task for the first group comparison between closed-skill athletes and controls. Error

bars represent the standard error.
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athletes vs. controls) to compare activation patterns between the two
groups. Nonparametric permutation inference using FSL’s randomize on
functional neuroimaging data was used (Nichols and Holmes, 2002;
Winkler et al., 2014). Contrast 3 shows the regions in which athletes
have stronger activations than controls, and reverse contrast 4 shows the
areas in which controls have stronger activation than athletes. This data
was then cluster-corrected so that only clusters with a Z-score of at least
3.1 and a p-value lower than .01 survived.

2.8. Task procedure of the stop-signal task

Our fMRI study of motor inhibition was adopted from an experi-
mental stop-signal task recently employed in our group (Jahfari et al.,
2015). In this task, participants had to determine as fast as possible
whether a presented face was female or male (Supplemental files
Fig. S1), indicating a left or right response. However, on stop trials, a
tone followed the presentation of the picture stimuli, and then people
had to withhold their response (Supplemental files Fig. S1). The interval
between go- and stop-signals was adaptively manipulated to set the in-
terval that participants successfully stopped on 50% of the stop trials.
The visual stimuli consisted of a fixation stimulus, an intact male face
(1.5 x 1.5 cm; each frame subtended a visual angle of approximately
1.43° x 1.43°, given a 60-cm viewing distance), and an intact female
face (1.5 cm in diameter; each frame subtended a visual angle of
approximately 1.43° x 1.43°). Face stimuli were extracted from the
Radboud Faces Database (Langner et al., 2010). Stop signals were 750Hz
tones that lasted for 75 ms.

The stop-signal task consisted of 30 practice trials and an experi-
mental block with 150 target trials, comprised of 75% go trials and 25%
stop trials presented in random order. On a go trial, a fixation (+)
stimulus was shown in the center of the screen for 250 ms and imme-
diately followed by a male or female face (male and female faces were
presented equally often and in random order). The participants were
told to press the left button using the index finger of their left hand when
they perceived a male face and the right button using the index finger of
their right hand when they perceived a female face. The visual stimuli
remained on the center of the screen temporarily for a maximum of 1250
ms or until the participant pressed a button. The stop trials were visually
identical to go trials. Still, auditory stimuli were presented shortly at
fixed intervals after offsetting the target stimulus (i.e. female or male
face). Participants were instructed to try and suppress their motor re-
actions during stop trials. The time interval between the target stimuli’s
offset and the stop signal’s onset (stop-signal delay; SSD) was initially set
to 250 ms. Whenever the participant successfully withheld the motor
reaction during the stop trials, the SSD in the following stop trial was
increased by 50 ms to make it more difficult to withhold their motor
response on the next stop trial. Whenever the participant failed to hold
back their motor response during the stop trial, the SSD was decreased
by 50 ms, making the stopping easier.

2.9. Behavioral data analysis: action inhibition

The median reaction time (RT) was calculated for go and failed stop
trials. For successful stop trials, stop-signal reaction time (SSRT) was
estimated separately using the so-called “integration method” (Logan
and Cowan, 1984). The integration method in combination with
tracking entails selecting the nth go RT (reaction time of no-stop signal
trials), where n equals the number of RTs in the go RT distribution
multiplied by the overall probability of incorrectly responding to the go
stimulus. SSRT is calculated by subtracting the average stop-signal delay
from the nth go RT (Ridderinkhof et al., 1999; Verbruggen et al., 2004,
2014). In addition to estimating SSRT, go RT and the probability of
successful inhibition were also calculated (Matzke et al., 2018).
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2.10. Functional data analysis: stop-signal task

FMRI data analysis was carried out using FSL. In FSL, pre-processing
analyses were carried out using the FMRI Expert Analysis Tool (FEAT,
v6.00) including motion correction, non-brain removal, spatial
smoothing (5 mm), and high-pass temporal filtering (Andersson et al.,
2007; Smith, 2002). The preprocessed fMRI data were then entered into
first-level analysis by comparing task-related BOLD response across
different conditions of interest during the target stimuli trials (go trials
versus stop trials) with BOLD response changes during blank trials
(baseline condition). Seven events were modeled as regressors of in-
terest for the stop-signal paradigm. Most important, the contrast be-
tween successful stopping trials and null trials was modeled as the
stopping network, whereas the contrast between go trials and null trials
was modeled as the go network. In the second-level analysis, contrast
images from the first-level analysis of each participant were analyzed by
a between-group using paired t-tests (https://fsl.fmrib.ox.ac.uk/fsl/fs
lwiki/GLM) to locate significant activation corresponding to each
contrast in the two groups (closed-skill athletes, non-athletes).
Between-group differences for stopping and go networks are presented
in the results.

3. Results
3.1. Behavioral performance

At the behavioral level, t-tests for group comparisons between
closed-skill athletes (N = 14) and controls (N = 14) were conducted for
both behavioral and functional data.

3.2. Behavioral results: working memory

Fig. 1B shows the average scores of the change-detection task for the
group comparison between closed-skill athletes and matched controls.
Overall, no statistical differences (t(26) = 1.991, p = .057, Cohen’s d =
.752) were observed between closed-skill athletes (3.428 + 1.264) and
matched controls (2.491 + 1.227) on the average WM capacity across
both runs (Fig. 2). In the first run, there was no difference in WM ca-
pacity between the closed-skill athletes (M, = 1.93, SDa, = 2.20) and
controls (Myon = 1.71, SD¢on = 1.42) for runl: t (26) = .305, p = .763,
Cohen’s d = .118 in the first run (Fig. 2a). For the second run (Fig. 2b),
there was also no difference observed (Mah = 3.66, SDath = 1.38; Mcon =
2.97, SD¢on = 1.16): t(26) = 1.445, p = .160, Cohen’s d = .541. Par-
ticipants scored significantly better in the second run, as was shown in a
paired samples t-test (Myyn1 = 1.82, SDryn1 = 1.83; Myyn2 = 3.32, SDpyn2
= 1.30): t(26) = 3.087, p = .004, Cohen’s d = —.945. A practice effect
might explain this and that participants get more used to scanner con-
ditions in the second run. Therefore, we only focused on the second run
for the functional data for both group comparisons.

3.3. Behavioral results: action inhibition

Table S2 shows the descriptive statistics of the between-group
comparison of stop-signal task performances. In the first run of stop-
signal task performance, no significant differences between groups
were found in no-signal reaction time (Go RT; t (26) = .447, p = .65,
Cohen’s d = .175), stop-signal reaction time (SSRT; t (26) = —.747,p =
.462, Cohen’s d = —.292), and the probability of successful inhibition (t
(26) = .440, p = .663, Cohen’s d = .172). Likewise, there were no sig-
nificant differences between groups in the second run in no-signal re-
action time (Go RT; t (26) = .26, p = .80, Cohen’s d = .101), stop-signal
reaction time (SSRT; t (26) = —.091, p = .927, Cohen’s d = -.035), and
the probability of successful inhibition (t (26) = .007, p = .94, Cohen’s d
=.002) (see Fig. 3).
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4. fMRI results: change detection task-evoked activation
between-group comparison

For the group comparison, we analyzed the data by comparing the
closed-skill athletes with controls matched by gender, age, and educa-
tion. Fig. 4A shows the between-group comparisons of average task-
evoked activation in closed-skilled athletes and controls (see Fig. 4A).
The results of the group comparisons are based on the first-level contrast
between WM target trials and null trials. Generally, the WM task-evoked
BOLD activation in frontal-parietal regions is activated when performing
the task in the scanner. Specifically, it was found that the closed-skill

athletes showed stronger activations in areas in the fusiform gyrus
corresponding to the lateral occipital complex in both hemispheres and
posterior regions of the superior parietal lobule in the right hemisphere
(see Fig. 4B-D). It was found that the closed-skill athletes showed
stronger activations in the temporal and parietal regions in the right
hemisphere. In the reverse contrast, controls showed stronger activa-
tions in the frontal areas (see Supplemental Table S2), such as the su-
perior frontal gyrus and orbitofrontal cortex.
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thresholded Z-statistics images of functional brain activations.

4.1. fMRI results: stop-signal task-evoked activation between-group
comparison

Group-average task-related BOLD response changes in go and stop
trials are shown in the supplemental files Fig. S2. Specifically, larger
functional activation clusters in both go and stop networks were found
in closed-skill athletes than in controls. The between-group comparison
showed that closed-skill athletes have significantly stronger BOLD
response changes in the precuneus during the go trials and in the pos-
terior cingulate gyrus during the stop trials compared with controls (see
Fig. 5).

5. Discussion

Despite the proliferation of studies examining the cognitive profiles
of athletes (Beavan et al., 2020b, 2020a; Buszard et al., 2017; Chan
et al., 2011; Chang et al., 2017; Chen et al., 2019; Chiu et al., 2017;
Echemendia et al.,, 2019; Fleddermann et al., 2023; P. Furley and
Memmert, 2010; Furley and Wood, 2016; Heppe et al., 2016; Hodges
et al., 2006; Hiilsdiinker et al., 2016; Jacobson and Matthaeus, 2014;
Kalén et al., 2021; Koch and Krenn, 2021; Liao et al., 2017; D. Y. Mann
et al., 2007; Mayers et al., 2011; F.-W. Meng et al., 2019; Nakamoto and
Mori, 2008; Russo et al., 2022; Scharfen and Memmert, 2022; Seve et al.,
2009; Taddei et al., 2012; Vaughan and Laborde, 2021; Voss et al., 2010;
Wang et al., 2013; Williams et al., 2011), our findings provided a novel
contribution that addressed significant gaps in the current landscape of

sports neuroscience. Our study diverges from this trend by implement-
ing a rigorous fMRI design that investigates two fundamental compo-
nents of executive functions—working memory and action
inhibition—within the framework of Olympic-level closed-skill team
sports. This approach is critical as it not only probes the underlying
neural mechanisms in a population that is underrepresented in neuro-
scientific research but also enhances the ecological validity of the
findings by focusing on cognitive tasks that are both sport-relevant and
indicative of broader cognitive processes. Furthermore, the inclusion of
Olympic athletes adds a level of elite performance analysis that is rarely
captured, providing insights into the cognitive strategies that differen-
tiate the highest levels of athletic achievement.

The behavioral results revealed no statistical differences in perfor-
mance between groups in either task, despite a numerical tendency to-
ward higher WM capacity among Olympic team-rowers and team
swimmers compared to controls. This absence of differences constitutes
anovel finding, although we acknowledge that the sample was relatively
small, and the findings should be interpreted cautiously (Schweizer and
Furley, 2016; Skorski and Hecksteden, 2021; Wilson Van Voorhis and
Morgan, 2007). In a previous review, Mann et al. (2007) suggested that
multiple athletic samples should be recruited to validate the relationship
between sports expertise and cognition (D. T. Y. Mann et al., 2007).
While our study indicates a null result regarding the role of working
memory and inhibition in rowing, these findings serve an important
function by questioning the presumed cognitive benefits of elite sports
training in these areas. It is possible that the cognitive demands of
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rowing do not heavily engage these specific executive functions, or
alternatively, that the level of cognitive training provided by rowing is
insufficient to elicit measurable changes in standardized cognitive tasks.
Our results, particularly where negative d-values were observed, may
reflect this divergence, indicating a specialized adaptation that poten-
tially limits the transferability of these cognitive enhancements to tasks
outside their immediate sporting context (Chaddock et al., 2011; Wang
et al., 2017, 2020, 2023; Yao et al., 2024). This highlights an essential
aspect of sports science research: the need to tailor cognitive assess-
ments to the specific characteristics and demands of each sport to un-
cover meaningful differences and adaptations.

The lack of superiority in action inhibition and in visuospatial WM
capacity that we observed among elite athletes in static team-sports
contrasts with previous findings of superior performance among ath-
letes in dynamic team-sports. Athletes in such open-skill team-sports
have been reported to demonstrate superior EF abilities related to
planning and executing (Sakamoto et al., 2018; Vestberg et al., 2012).

Specifically, superior action inhibition has been demonstrated in soccer
(Alves et al., 2013; Verburgh et al.,, 2014; Vestberg et al., 2012),
volleyball (F. W. Meng et al., 2019), and handball (Heppe and Zentgraf,
2019), and also in dynamic solo-sports (Brevers et al., 2018). These
dynamic sports typically require open skills, affording players to
respond adequately in constantly changing, unpredictable, and
externally-paced circumstances. Fast moves, sudden changes, sudden
stops, and rapid action overrides are well captured by the laboratory
stop-signal task of action inhibition. Unlike open-skill sports, static
team-sports such as team-rowing essentially involve closed skills,
affording optimal performance in a structured, static environment
requiring self-pacing and synchronization with team members. A study
comparing dynamic to static solo-sports (tennis and swimming,
respectively) using a stop-signal task found superior action inhibition
among open-skill compared to closed-skill athletes (Chueh et al., 2017;
Gokce et al., 2021; Gu et al., 2019; Koch and Krenn, 2021; Russo et al.,
2022; Wang et al., 2013) (while the latter were not superior to controls;
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Wang et al., 2013). By extension, we may speculate that open-skill but
not closed-skill athletes can also be expected to exhibit superior
action-inhibition capabilities in team-sports.

Moreover, in our analysis, we observed negative d-values in some
results, suggesting that not all EFs are enhanced in athletes compared to
non-athletes (Chaddock et al., 2011). This finding aligns with recent
studies (Chaddock et al., 2011; Wang et al., 2020, 2023), which posits
that team sport athletes may exhibit superior abilities to integrate or
synchronize complex, multifaceted information—a skill less emphasized
in non-team sports. Our study contributes to the literature by quanti-
fying the effect sizes and explained variance in EFs, thereby expanding
our understanding of cognitive expertise in sports. Unlike previous work
that generally reports positive enhancements, our results underscore the
specificity and context-dependent nature of cognitive skills in athletic
performance (Li and Smith, 2021; Wang et al., 2017, 2020, 2023; Yao
et al., 2024).

Furley and colleagues have speculated on the potential moderating
role of WM capacity in sports performance, given the need to continually
update information on player position and movement, ball position and
movement, team tactics, and so on (Furley and Wood, 2016; P. A. Furley
and Memmert, 2010), even though they observed no significant asso-
ciation between WM capacity and specific skills in soccer (such as
creating passing to teammates). Nonetheless, WM capacity has been
argued to facilitate the development of sports skills and expertise during
training and games/matches (Bijleveld and Veling, 2014; Bisagno and
Morra, 2018; Buszard et al., 2017; Buszard and Masters, 2018; P. Furley
and Memmert, 2010; Furley and Wood, 2016; Furley and Memmert,
2012; P. A. Furley and Memmert, 2010; Glavas et al., 2023; Mayers
et al., 2011; Moreau, 2013; Vaughan and Laborde, 2021). However, the
field may require experimental paradigms with stronger external val-
idity (Buszard et al., 2017; Buszard and Masters, 2018). Despite a nu-
merical trend, we observed no significant tendency toward higher WM
capacity among Olympic team-rowers compared to controls.

A somewhat different picture emerged from our fMRI findings in the
WM and stop-signal tasks. Specifically, closed-skill athletes displayed
stronger activation patterns in parietal regions, whereas controls
showed stronger activations in frontal regions while performing the task
in the scanner. These patterns did not correlate with behavioral task
performance and, hence, may be associated with differential strategies
rather than differential efficiency in performing a WM task.

Stop-signal task-related brain activation included the pre-SMA, the
rIFG, and regions in the medial frontal cortex, consistent with typical
reports in previous studies (Jahfari et al., 2011; Schel et al., 2014). We
further observed that, compared to controls, closed-skill athletes show
stronger brain activation in regions of the posterior cingulate gyrus
during the stop trials and in the precuneus during the go trials, respec-
tively. Compared to open-skill sports, closed-skill sports require athletes
to be more internally focused for optimal performance (Formenti et al.,
2021; Gokece et al., 2021; Gu et al., 2019; Koch and Krenn, 2021; Russo
et al., 2022; Voss et al., 2010; Wang et al., 2013). The finding that was
shifting attention along the dimension of internal versus external di-
rection perception-action coordination (Leech and Sharp, 2014) in-
volves activation of the posterior cingulate cortex suggests the
possibility that closed-skill athletes, with their strong internal focus,
may have to invest more effort (compared to controls) in shifting their
attention away from their steady intention to respond toward sudden
and extraneously instigated action suppression (such as triggered by
stop signals).

Task-related brain activation in the change detection task included
the areas typically engaged in the fronto-parietal WM network (for re-
view, e,g (Pessoa et al., 2002),). Compared to controls, closed-skill
athletes show stronger activation in the posterior portion of the supe-
rior parietal lobe and temporal and occipital regions of the fusiform
gyrus, often identified as the lateral occipital complex. The SPL is
associated with maintaining and manipulation of information in WM
(Koenigs et al., 2009; Wolpert et al., 1998), whereas activation in the
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LOC is associated with the encoding of visual stimuli within the
change-detection paradigm (Pessoa et al., 2002). In the reverse contrast,
controls showed stronger activations in frontal regions (see Supple-
mental files Table S2), such as the superior frontal gyrus and orbito-
frontal cortex, regions associated with detecting the change in WM tasks
(Pessoa and Ungerleider, 2004). These patterns may be taken to suggest
that Olympic rowers, with their strong internal focus (Voss et al., 2010),
may invest more in the ‘steady’ task requirements (encoding the stimuli
and maintaining relevant information in WM). In contrast, controls
invest relatively more in detecting extraneously triggered change.

Combining the patterns across the two tasks, we speculate that
closed-skill athletes may be focused more than matched controls on
continual and relatively invariable task requirements (responding to go
stimuli in the stop task; focusing on targets in the WM task) at the
expense of the more infrequent, instantaneous, and extraneously trig-
gered task requirements (suppressing actions to stop signals; detecting
the change in the WM task). The findings of our study align with
emerging research in cognitive science that suggests a nuanced interplay
between domain-specific and domain-general cognitive functions in
shaping expert performance across different fields, including sports
(Kalén et al., 2021). Specifically, our data indicate that elite closed-skill
athletes exhibit unique patterns of brain activation during tasks
requiring working memory and inhibition, which may reflect a
specialized adaptation to the cognitive demands of their sports. This
adaptation could be viewed as a form of domain-specific enhancement
that coexists with more general cognitive abilities, supporting the theory
that elite performance is underpinned by both broad and specialized
cognitive capacities. These observations suggest that the training and
competitive environments of closed-skill athletes not only shape their
physical abilities but also foster specific cognitive developments that
support their high-level performance, echoing findings from broader
cognitive research that emphasize the role of domain-specific adapta-
tions in high-performance contexts. Our study adds to the literature by
exploring not just behavioral outcomes but also neurophysiological re-
sponses in elite athletes from closed-skill sports, using high-resolution
fMRI. The unique contribution of our paper lies in the detailed anal-
ysis of brain activation patterns that differentiate elite closed-skill ath-
letes from controls, suggesting that these athletes may engage different
neural networks when performing tasks that require executive
functions.

5.1. Limitations and implications

The current study came with some limitations. Of primary concern is
the small sample size, which may facilitate the interpretation of the
results. Larger samples may also allow effective connectivity analyses to
study directional relationships between local activations. Moreover, the
observed patterns of functional brain activation were not associated
with any behavioral correlate, a potential limitation to the interpreta-
tion of the BOLD data in mechanistic terms (Poldrack, 2007). Future
studies should include larger groups of elite athletes across various
sports domains, including Olympic-level open-skill team sports. This
would help address the question of whether athletes in different types of
team sports can be differentiated in terms of profiles of cognitive abili-
ties. In addition, we could not consider the difference between indi-
vidual and team sports. It has been hypothesized that elite team-sports
athletes may not show a difference in WM capacity, as these individual
differences get superseded by team performance (Hambrick et al.,
2016). Although it is challenging to find well-balanced elite athlete
groups for scientific studies, future research might consider these
shortcomings by testing for differences between sports types.

5.2. Conclusions

This manuscript presents the first study to examine subsets of exec-
utive functions (i.e., working memory and action inhibition) and their
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underlying functional brain mechanism among elite athletes in static
team sports. Unlike previous studies of the role of cognition in sports
expertise, which focused largely on dynamic team sports, our study
provided a perspective on closed-skill team sports that place different
demands on sports training, performance, and competition. Behavioral
differences in WM capacity and action inhibition between Olympic team
rowers and team swimmers and matched controls were not observed.
Functional brain imaging data suggest that elite closed-skill athletes may
employ different cognitive strategies. Across the two tasks, the brain
activation patterns suggested that closed-skill athletes show more pro-
nounced recruitment of brain areas that emphasize task demands that
remain relatively stable throughout the task, and less pronounced
recruitment of brain areas that emphasize rapidly changing demands
imposed by extraneous stimulation.
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