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Objective: This study aimed to examine the neural mechanisms underlying

the decision-making process of off-ball movements among high-level football

players and ordinary college students, as well as the effect of long-term skill

training on these neural mechanisms using functional magnetic resonance

imaging (fMRI).

Methods: The study recruited 20 professional college football players as the

expert group (EG) and 20 novice football players with no background in sports-

related disciplines as the novice group (NG). The participants performed the

motor video observation and button-decision-making tasks, and fMRI data were

acquired, pre-processed, and analyzed.

Results: During the decision-making process regarding running without the ball,

whole-brain fMRI scans were conducted on both the EG and NG. The analysis

of these scans revealed noteworthy disparities in brain activity between the

two groups. These disparities were observed during tasks involving motor video

observation and button-based decision-making. According to the behavioral

data, the EG made more correct decisions than the NG (p < 0.05); however,

there was no significant difference in their reaction speed (p > 0.05). During

video observation, both the EG and NG exhibited simultaneous activation in

the frontoparietal cognitive area, primary somatosensory cortex, visual cortex,

and insula. However, there were no significant differences between the two

groups in terms of activated brain regions [false discovery rate (FDR) corrected

to p < 0.05]. Regarding button-press decisions, the areas of the brain that

were commonly activated in both the NG and EG were primarily located in the

frontoparietal cognitive area, temporal cortex, and cuneus cortex. Notably, the

left superior temporal gyrus, left inferior temporal gyrus, and left middle occipital

gyrus exhibited greater activation in the NG compared to those in the EG (FDR

corrected to p < 0.05).
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Conclusion: This study demonstrated that during motor video observation, the

EG’s sports experience and professional knowledge can help them achieve

better visual information processing strategies in specific areas of sports. During

button decision-making, the EG was more economical, whereas the NG required

more brain function activity to process visual information, confirming the “neural

efficiency” hypothesis.

KEYWORDS

high-level football players, moving without the ball, decision-making, functional
magnetic resonance, neural efficiency

Introduction

Football game scenes are constantly evolving, time and space
are constantly changing, and physical confrontations are fierce.
Athletes can influence their perception and understanding of
a game scene through development of awareness of specific
cognitions, effectively grasp key information, and make informed
decisions while participating in sports (Murr et al., 2018). In
football games, players are required to make numerous rapid
decisions and reevaluate them based on the demands of the game
(Vestberg et al., 2017). This process involves players’ creative
decision-making, where their rich imagination and unexpected
passing actions serve as effective behaviors for generating creative
decisions, thereby significantly impacting the game (Fink et al.,
2019). Furthermore, in football games, players spend a majority of
their time off-ball, requiring them to rapidly accelerate, decelerate,
and change direction during this process (Zouhal et al., 2019). For
example, a pass-and-control team focusing on teamwork may find
loopholes in the opponent’s defense through continuous running
and observation, which inadvertently causes the opponent to suffer
a “fatal blow.” Generally, high-level players must consider other
players’ dominant areas, passing routes, and overall offensive or
defensive development trends when making quick positioning
decisions. In sports science, specialized perception is crucial to good
motor decision-making and outstanding performance (Willams
et al., 2006). Therefore, the decision-making level off the ball
directly impacts team cooperation.

Research has established the relevance of “expert-novice”
paradigms in motor cognition studies (Di Russo et al., 2005;
Del Villar et al., 2007; Chang et al., 2011; Huang et al., 2018).
A common application of this paradigm involves investigating the
activation of cortical regions during executive decision-making. In
this paradigm, exercise experts with extensive experience in exercise
training are recruited as the experimental group, while a control
group of novices is also included. The brain activity of both groups
is analyzed during decision-making tasks. Several studies have
demonstrated that experts exhibit reduced activation in specific
brain regions during these tasks (Gobel et al., 2011; Guo et al., 2017;
Blain et al., 2019). In a particular study, it was observed that expert
archers exhibited activation of smaller and more focused neural
networks compared to novice archers during an aiming decision-
making task. However, novice archers demonstrated activation
in a wider range of brain regions, including the primary motor

cortex, primary somatosensory cortex, parietal cortex, prefrontal
cortex, inferior frontal gyrus, and superior frontal gyrus (Kim et al.,
2014). It has been identified that neural efficiency increases when
cortical activation is reduced, and that reduced cortical activation
can improve performance on tasks relating to expertise (Guo et al.,
2017; Ludyga et al., 2020; Blazhenets et al., 2021). However, several
studies have examined the effects of tasks on brain activation in
athletes and found that decision-making tasks activate the cortex
more than unfamiliar tasks (Sanchez-Lopez et al., 2014; Woods
et al., 2014). The effect of differences in performance on a creative
soccer task was found to be correlated with activity patterns in the
left-lateral brain network, specifically involved in the processing of
multimodal inputs from different sensory, motor, and perceptual
sources; the middle temporal gyrus, central sulcus operculum, and
cuneus are the main structures involved in this process (Fink
et al., 2019). Based on these studies, it has been suggested that
individuals with expertise in motor skills develop the capacity to
generate preferential activation in brain regions associated with
action planning and comprehension through prolonged training
(Yang, 2015). Currently, there are two viewpoints regarding the
study of the decision-making process. The first viewpoint refers
specifically to the reasoning or judgment based on the task at
hand (narrow definition). Researchers have found that the neural
activity in the parietal cortex is related to the variables involved
in the decision-making process (Platt and Glimcher, 1999). The
activity of neurons in the parietal cortex is also correlated
with the decision-making process in perceptual decision tasks
performed by monkeys (Huk and Shadlen, 2005). These findings
have revealed the neural mechanisms underlying decision-making
in the narrow sense. The second viewpoint encompasses both
perception (action observation) and judgment (broad definition).
There is a close relationship between the observation stage and
the final decision-making stage during the execution of decision-
making tasks. Perception is defined as the process of recognizing,
interpreting, and responding to information and stimuli (Correia
et al., 2022). The observation stage typically involves perceiving and
processing relevant information, including gathering and analyzing
visual, auditory, or other sensory inputs. These inputs provide
crucial information required for decision-making, such as available
options, environmental conditions, and potential outcomes (Gold
and Shadlen, 2007). Some scholars have investigated the neural
mechanisms in the brain that are associated with environmental
perception and understanding, revealing the importance of the
brain’s integration of external environmental information and
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internal cognitive processes in the broad sense (Corbetta et al.,
2008). Additionally, there have been studies focusing on the neural
activity in the parietal cortex, revealing the temporal integration
of visual motion signals in perceptual decision-making processes.
Their findings have indicated that the neural activity in the parietal
cortex is associated with the integration of visual information
in perceptual decision-making (Huk and Shadlen, 2005). These
findings support the broad viewpoint that the decision-making
process involves not only perception but also the integration and
judgment of information. Therefore, we divided the decision-
making process into two stages, the video observation period and
the button decision-making period, and assumed that the activation
of brain regions of the two groups of individuals depends on the
difference in their decision-making behavior.

Football players’ decision-making ability is based on their
ability to read the game, which includes seeing the ball, teammates,
opponents, and perception of what they are doing (Williams, 2000;
Den Hartigh et al., 2018). During individual projects, neurones
are equally active when an individual performs, imagines, or
observes actions (Rizzolatti and Destro, 2007). Using “freeze
motion” pictures, which capture motion snapshots in the middle of
moving the objects, can provide implicit motion information, and
functional magnetic resonance imaging (fMRI) studies (Kourtzi
and Kanwisher, 2000; Senior et al., 2000) have demonstrated
that implicit and actual movements share neural substrates.
Furthermore, to gain experience and the ability to read the
game effectively, football players require long-term professional
training, making them an effective model for studying the effects
of long-term training on specific tasks. Previously, the passing
and receiving, shooting, and actions of the players were presented
to the participants as video materials. This study focused on the
movement of players without a ball, which is an important aspect of
soccer tactics. Therefore, we used moving imagery as a surrogate for
motor execution to examine functional differences in brain activity
between different levels of expertise when watching a video and
when faced with an off-the-ball decision-making task.

Materials and methods

Participants

A total of 40 participants took part in the study. Among
these, 20 elite college soccer players from a top-tier university
were included as the expert group (EG), consisting of 10 males
and 10 females (age: 19.3 ± 1.1 years; all undergraduate students
in their first to fourth year; average training experience: 8 years).
Additionally, 20 novice soccer players with no background in
sports-related disciplines were recruited as the control group (NG),
including 10 males and 10 females (age: 19.9 ± 2.1 years; all
undergraduate students in their first to fourth year; no professional
training experience). At the time of the study, all specialist football
players were active members of the varsity football team and were
engaged in a regular training program. There was no historical
specialty in any sport reported by the control group, except
for weekly soccer activities during general soccer classes. The
participants were all right-handed, and none reported a history
of neurological or cardiovascular disease nor were they taking

any medications known to affect their cognitive function. Prior to
the study, all participants provided informed consent. The State
Key Laboratory of Cognitive Neuroscience and Learning, Beijing
Normal University Ethics Committee approved the study, and
participants were compensated for their participation.

Experiment task

Generally, using event-related design, different video stimuli
are randomly presented during the experiment, and the timing
of stimulus presentation is marked with time stamps. The time
points of stimulus presentation can be used to differentiate brain
activity during viewing periods from brain activity during decision-
making periods. The purpose of this study was to compare
activation responses to different decision-making tasks using
fMRI experiments consisting of two different exercise conditions:
movement observation and key-press decision-making. There were
10 trials in total, each consisting of two experimental conditions.
Ten video games were presented as stimuli, programmed, and run
using E-Prime Pro 2.0. First, a fixation point (“ + ”) preparation
signal appeared on the screen for a duration of 8,000 ms, prompting
the participants to focus their attention. Then, following the
preparation signal, a game video was presented, with an average
duration of 13,000 ms. After the video ended, participants were
required to make key-press decisions based on the context and
movement actions presented in the video. They were instructed to
press the corresponding keys within a frozen frame lasting 2,500 ms
to express their choices. Participants were tasked with making key-
press selections within a limited time based on the prompts in
the frame indicating the running direction of a highlighted team
member [Direction 1 (Key 1), Direction 2 (Key 2), and Direction
3 (Key 3)]. Following the key-press decisions, a fixation point
appeared for 2,500 ms to allow participants to return to a baseline
state. This design facilitated a more stable magnetic field as well
as avoiding interference between blood-oxygen-level-dependent
signals generated by adjacent stimuli. The stimuli were presented
in random order to avoid presenting identical stimuli.

The decision-making task design was adapted by referring to
the standardized video task in soccer, whose objectivity, reliability,
and validity was established in previous studies (Memmert et al.,
2013). Our modification aimed to make a reasonable connection
using the fMRI experiment, to enable participants receive specific
instructions, stimulus presentation, duration, and feedback during
the task. In this study video clips were presented from world-
leading events such as the European Cup from a third-person
perspective. The participants observed and analyzed the video from
a third-person perspective. The information described from the
third-person perspective was more abstract, whereas the purpose
was clear (Libby et al., 2009). Three football experts with AFC
A-level coaching certificates watched 10 video clips along with
corresponding stimulus materials, and unanimously agreed that
the material validity is reasonable. The stimulus materials included
clips of a team in attack or defense and the subsequent movement
options for the target player. The football experts were required
to assess whether the correct movement direction of the target
player, as provided in the stimulus materials, can facilitate or
prevent favorable actions for our team in the upcoming offensive
or defensive situations (Figure 1).
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FIGURE 1

Experimental design for the decision-making task of running without a ball. This panel shows the time course of different stages of decision-making
tasks off the ball.

fMRI data acquisition

Functional magnetic resonance imaging data were acquired
using a Siemens Trio Tim 3T MR scanner equipped with a 12-
channel phased-array receiver coil. It was designed to enable the
participants to lie on their backs during the experiment. Sponge
pads on the left and right sides of the head were fixed in the
coil to reduce head movement. A projector connected to the
computer projected the experimental content onto a screen in
the imager. A single-shot gradient echo planar imaging sequence
was used for functional imaging. The specific parameters were
as follows: TR, 2,000 ms; TE, 30 ms; FOV, 200 × 200 mm; FA,
90◦; and layer thickness = 4.32 mm. In parallel with the anterior
commissure and posterior commissure, 33 slices of images were
acquired at intervals covering the entire brain and the majority
of the cerebellum. The scan matrix was 64 × 64 pixels, and the
resolution was 3.4036 × 3.4036 × 4.3200 mm. This study also
collected brain structure images of each participant to improve the
image registration. A T1-weighted magnetization-prepared rapid
gradient-echo sequence was employed, with the following scan
parameters: TR = 1,900 ms, TE = 3.44 ms, and FA = 7◦. This was
a sagittal scan with an FOV of 256 × 256 mm and a pixel matrix
of 192 × 256 pixels. There were 194 scanning layers, each layer was
1 mm thick, with no interval between layers. The resolution was
1 × 1 × 1 mm.

fMRI data pre-processing and analysis

The experimental data were pre-processed using the SPM12
software. The pre-processing steps included the following: (1)
data from the first 10 time-points were removed to stabilize the
participants; (2) slice timing was carried out to reduce the error
of inconsistent scanning time; (3) realignment occurred, excluding
participants with head movement greater than 3 mm; (4) the T1
structural image was registered to the functional image, and the
deformation field matrix was obtained by segmentation; (5) the
deformation field matrix obtained in step 4 was used to standardize
the functional image space in the Montreal Neurological Institute
space; and (6) the image was smoothed using a smoothing kernel

with a height and width of 6 mm to improve the signal-to-
noise ratio.

Statistical analysis

Using Microsoft Office Excel, the raw behavioral data was
managed, and then SPSS 20.0 was used to analyze the valid data.
Independent samples t-tests were conducted with physical activity
level as the independent variable and key press accuracy and
reaction time as the dependent variables.

The general linear model (GLM) implemented in SPM12 was
used for first-level analysis, and t-statistic maps were generated
as statistical parametric maps. The MRI model regressors for the
observation phase and key press decision phase (with varying
durations for each) were convolved with a typical hemodynamic
response function. For second-level analysis, six motion parameters
(6 × head motion) representing head movement in six directions
were included as regressors in the design matrix to improve
statistical sensitivity and obtain cleaner results. Contrast images
representing the activation patterns in the brain during (i) the
observation phase and (ii) the key press decision phase were
used as inputs for multivariate pattern recognition analysis. In the
result comparisons, independent samples t-tests were conducted to
compare the NG and EG. A significance level of p < 0.05, corrected
for false discovery rate (FDR), was used in the analysis.

Correlation analysis

According to the peak coordinates of activated brain regions
in two groups of participants at the whole-brain level during
a key-press decision task, spherical regions of interest (ROIs)
with a radius of 10 mm were created. Pearson correlation
analysis was performed between the activation signals within
each participant’s ROI and their behavioral performance data.
A correlation coefficient close to 1 indicates a positive correlation,
meaning an increase in brain region activity is associated with
an increase in behavioral performance. A correlation coefficient
close to −1 indicates a negative correlation, meaning an increase
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TABLE 1 Results of the button decision behavior test.

Group n Reaction time (s) Accuracy (%)

NG 20 1.65 ± 0.28 s 42.5 ± 18.83

EG 20 1.63 ± 0.19 s 54.2 ± 14.81

The reaction time of the button decision in this table was measured during
functional magnetic resonance imaging (fMRI) scanning. The values are expressed as
mean ± standard error of mean. NG, novice group; EG, expert group.

in brain region activity is associated with a decrease in behavioral
performance. A correlation coefficient close to 0 indicates that there
is little to no linear relationship between brain region activity and
behavioral performance.

Results

Behavioral results

An independent sample t-test was performed on the rate of
correct button decision-making and the response time of the
EG and NG (Table 1). The results indicated that the EG had a
significantly higher average accuracy than the NG [t (38) = −2.148,
p < 0.05]; however, the average response times between the two
groups did not significantly differ.

fMRI results

The activation of brain regions during video
observation

Based on the results (Figure 2 and Table 2), we found
that the brain activation areas for the NG during the motion
video observation task were primarily located in the left insula,
right medial and para cingulate gyrus, and right middle frontal
gyrus. The brain activation areas for the EG during motion
video observation included the left cuneus, left and right inferior
temporal gyri, right orbital inferior frontal gyrus, left insula, left
anterior cingulate and para cingulate gyri, and right triangular
inferior frontal gyrus. The front parietal cognitive area, primary
somatosensory cortex, visual cortex, and insula in the NG and
EG were mainly activated during motion video observation.
Regional centers were located in the cortex around the left distance
fissure, left insula, right middle frontal gyrus, right medial and
Para cingulate gyri, and left post-central gyrus. Furthermore, we
conducted an independent sample t-test analysis of the brain
imaging data of the two groups of participants; however, there was
no significant difference between them (FDR corrected to p < 0.05).

Brain activation during button decision-making
Based on the results (Figure 3 and Table 3), the areas in the

right temporal pole predominantly activated during the button
decision-making task for the NG included the middle temporal
gyrus, left rectus gyrus, left middle occipital gyrus, left middle
temporal gyrus, right thalamus, left superior temporal gyrus, left
precuneus, and left posterior central and superior parietal regions.
The areas mainly activated in the EG included the left inferior
occipital gyrus, right lingual gyrus, right middle temporal gyrus,

and left middle temporal gyrus during the button-decision-making
task. The areas of the brain that were jointly activated in the NG and
EG during the button decision-making task were located primarily
in the front parietal cognitive area, temporal cortex, and cuneus
cortex. Most of the regional centers were located in the right rectus
gyrus, right middle temporal gyrus, left superior temporal gyrus,
left precuneus, left pre-central gyrus, right pre-central gyrus, right
superior parietal gyrus, and the right dorsolateral superior frontal
gyrus.

Based on the brain activation images of the two groups of
participants, an independent sample t-test was performed, and
age and sex were regressed as covariates. More brain areas were
activated in the NG than in the EG during button decision-making
tasks (Figure 4 and Table 3), mainly in the left superior temporal
gyrus, left inferior temporal gyrus, and left middle occipital gyrus.

During the key-press decision phase, Pearson correlation
analysis was conducted between the activated brain regions in the
NG and EG groups and their key-press accuracy (Figure 5). The
results showed that in the NG group, the activation of the left
rectus gyrus (r = −0.42), right thalamus (r = −0.46), left thalamus
(r = −0.40), and left middle temporal gyrus (r = −0.44) exhibited
a significant negative correlation with accuracy (p < 0.05). In the
EG group, the activation of the left precuneus (r = 0.35) showed a
significant positive correlation with accuracy (p < 0.05), while the
activation of the right middle temporal gyrus (r = −0.32) exhibited
a significant negative correlation with accuracy (p < 0.05).

Discussion

Brain activation during motor videos

In both the EG and NG, the brain regions activated when
viewing motion videos were similar, a finding that was consistent
with many studies on moving images (Bakker et al., 2008; Oechslin
et al., 2013; van der Meulen et al., 2014). In some studies which have
explored the differences in brain activation between expert and
novice groups during movement observation, the brain activation
patterns of basketball, dance, and hand movement experts and
novices during movement observation were investigated using
techniques such as fMRI. These studies found that the neural
activation patterns for both experts and novices during movement
observation and execution were similar (Calvo-Merino et al., 2005;
Aglioti et al., 2008; Cross et al., 2009). This suggests that even
in experts, the brain mechanisms for observing and executing
movements may be similar, possibly due to the automatization
of movements and changes in body perception. In this study,
the front parietal cognitive areas, primary somatosensory cortex,
visual cortex, and insula showed high levels of activation. As a
flexible cognitive control system, the front parietal cognitive area
is activated during performing tasks that require cognitive control
or executive functions (Vincent et al., 2008; Li et al., 2020). The
post-central gyrus, located in the primary somatosensory cortex,
plays an essential role in sensory processing (Menon et al., 2001).
These regions were reported to be significantly activated in both
the EG and NG, suggesting that football movement without a
ball may require attention processing and sensorimotor integration
(Corbetta and Shulman, 2002). It is estimated that players perform
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FIGURE 2

Brain activation maps for the EG and NG during motion video observation. This panel illustrates the voxel clusters where expert group (EG) and
novice group (NG) interact during the task. The functional brain response is overlaid on a rendered standardized brain (MNI-space) with a threshold
of 0.05 corrected only showing clusters with a minimum of 25 voxels, color scale represents the significant t-values. L, left; R, right; MNI, Montreal
Neurological Institute.

TABLE 2 Activation of brain regions during motor video observation.

Group Region Cluster size MNI coordinate Peak T

x y z

NG Insula L (AAL) (BA 13) 43 −42 9 −3 4.9774

Cingulum mid R (AAL) (BA 9) 113 6 30 33 8.7376

Frontal mid R (AAL) (BA 10) 29 39 36 21 5.0906

EG Cuneus L (AAL) 112 −3 −81 24 8.0701

Temporal inf L (AAL) 43 −48 −60 −9 5.1243

Temporal inf R (AAL) 37 54 −54 12 4.5019

Frontal inf orb R (AAL) 61 36 21 9 9.8385

Insula L (AAL) (BA 47) 180 −36 18 −6 8.0985

Cingulum ant L (AAL) 120 0 33 27 9.7568

Frontal inf. Tri. R (AAL) 25 45 30 27 5.7513

Parietal inf. R (AAL) (BA 40) 191 39 −48 45 6.5924

Post-central L (AAL) (BA 40) 162 −48 −33 51 6.2817

EG and NG Calcarine L (AAL) 122 −18 −54 6 7.33

Insula L (AAL) 233 −33 15 −9 8.1406

Frontal mid. R (AAL) 226 39 36 21 5.8986

Cingulum mid. R (AAL) (BA 32) 103 3 30 30 11.1837

Parietal inf. R (AAL) (BA 40) 222 45 −45 45 7.8783

Post-central L (AAL) 154 −45 −30 48 6.5239

AAL, automated anatomical labeling; BA, Brodmann area; L, left hemisphere; R, right hemisphere; inf., inferior; mid., middle; orb., orbitofrontal; ant., anterior; tri., triangularis; MNI, Montreal
Neurological Institute. False discovery rate (FDR) corrected to p < 0.05, with an extent threshold of 25 voxels.
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FIGURE 3

Brain activation maps for the EG and NG during key-press decision-making. This panel illustrates the voxel clusters where expert group (EG) and
novice group (NG) interact during the task. The functional brain response is overlaid on a rendered standardized brain (MNI-space) with a threshold
of 0.05 corrected only showing clusters with a minimum of 25 voxels, color scale represents the significant t-values. L, left; R, right; MNI, Montreal
Neurological Institute.

150 sensorimotor responses per minute in the average adventure
video game, which requires a coordinated effort between attention
and sensory input (Gong et al., 2015). Considering that this study
involved a visual information task, the activation of the visual
cortex also indicated that it is a part of the cortex that processes
visual information. In addition, the insula, particularly the left
anterior portion, appears to play a key role in switching between
brain networks (Yang et al., 2017). The results of this study
demonstrated that significant activation is present in the left insula
in both groups of participants, which may be related to the way
participants process complex visual information.

It is noteworthy that the cuneus and inferior temporal gyrus
were activated in the EG, but not in the NG. The occipital cortex,
which includes the cuneiform lobe, plays a significant role in
basic visual processes, attention, working memory, and response
execution (Garavan et al., 2002; Booth et al., 2005; Matthews et al.,
2005). In a study of table tennis players performing visuospatial
tasks, the occipital cortex was also activated, suggesting that experts
are required to process more visual information than novices
(Guo et al., 2017). During complex sports, the brain’s perception
system first receives stimulus information from the expert. Using
the learned motor skills, the brain makes a final decision after
identifying and matching tactical information with long-term
memory. The inferior temporal gyrus lies outside the temporal
cortex and is involved in cognitive functions, such as language,
visual perception, and memory (Price, 2000; Noppeney and Price,
2002; Ojemann et al., 2002; Strakowski et al., 2005). Activation of
the temporal cortex was previously shown to be modulated by the

number of actions remembered (Cai et al., 2018). A study of half-
pipe snowboarders found that the temporal cortex was significantly
activated when they viewed their sport-specific images (Chen et al.,
2020). Previous studies also demonstrated that experts developed
specific perceptual-cognitive mechanisms to read higher-level
physical cues more efficiently and effectively (Williams et al.,
2003). Therefore, we speculated that experts’ sports experience and
expertise may enable them to develop better visual information
processing strategies in specific sports domains, enabling them to
process visual information more effectively and eliminate irrelevant
visual information. Considering that novices lack experience in
related sports fields, they are unable to obtain effective visual
information. Contrary with previous findings (Wang et al., 2008;
van der Meulen et al., 2014; Zhang et al., 2018), neither EG nor
NG showed any activity in the primary motor cortex. As the video
was presented in the form of a general live television broadcast, the
information provided to the participants consisted of the positions
and movement trajectories of the players on the field and the
movement trajectory of the football; therefore, no specific action
was involved.

Behavioral expression and brain
activation during button
decision-making

In respect of behavioral expression, the EG demonstrated
higher accuracy than the NG during button decision tasks. In
support of this finding, prior studies (Williams and Davids, 1998;
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TABLE 3 Activation of brain regions during key-press decision-making.

Group Region Cluster size MNI coordinate Peak T

x y z

NG Temporal pole mid R (AAL) (BA
21)

35 60 3 −18 6.575

Rectus L (AAL) 61 0 42 −15 8.7819

Occipital mid L (AAL) 302 −48 −75 3 13.728

Temporal mid L (AAL) 72 −60 0 −18 4.773

Thalamus R (AAL) 35 15 −27 0 9.2302

Thalamus L (AAL) 31 −15 −30 0 7.5095

Temporal sup. L (AAL) 93 −45 −36 −21 7.0448

Precuneus L (AAL) (BA 31) 67 −3 −57 24 7.8132

Pre-central L (AAL) 35 −48 −6 54 6.6802

Pre-central R (AAL) 190 45 18 63 7.4431

Parietal sup L (AAL) 146 −24 −51 57 7.3967

EG Occipital inf L (AAL) 28 −24 −96 −3 4.9136

Lingual R (AAL) 27 12 −81 −6 5.9148

Temporal mid. R (AAL) 117 45 −66 6 9.7912

Temporal mid. L (AAL) (BA 39) 52 −48 −72 9 7.1429

EG and NG Rectus R (AAL) (BA 11) 43 3 45 −15 7.8059

Temporal mid. R (AAL) 240 45 −63 6 11.9183

Temporal sup. L (AAL) 56 −45 −36 21 8.3352

Precuneus L (AAL) (BA 31) 33 −3 −57 24 5.7967

Pre-central L (AAL) (BA 6) 36 −36 9 48 4.9758

Pre-central R (AAL) 54 45 −21 63 6.6925

Parietal sup. R (AAL) 53 21 −51 63 6.538

Frontal sup. R (AAL) 37 18 −3 66 4.2839

NG > EG Temporal sup. L (AAL) 226 −54 6 −6 6.4319

Temporal inf. L (AAL) 32 −39 −21 −18 3.9251

Occipital mid. L (AAL) 33 −24 −84 9 3.2539

AAL, automated anatomical labeling; BA, Brodmann area; L, left hemisphere; R, right hemisphere; inf., inferior; mid., middle; sup., superior; MNI, Montreal Neurological Institute; NG, novice
group; EG, expert group; False discovery rate (FDR) corrected to p < 0.05, with an extent threshold of 25 voxels.

Urgesi et al., 2012) demonstrated that athletes were more accurate
in decision-making tasks and had better response stimulus
discrimination and response selection abilities (Wylie et al., 2018).
Considering the long-term training, elite athletes may be able to
maintain stable, long-lasting, and accurate visual attention.

According to fMRI results, during the button decision-
making process, experts and novices activated areas in the front
parietal cognitive area, temporal lobe cortex, and cuneus lobe,
in agreement with the results obtained during motion video
observation. In addition, we observed bilateral activation of the
pre-central gyri. It is evident that the pre-central gyrus serves
many functions, the most important being motor function. The
pre-central gyrus is responsible for movement execution by
activating motor neurones (Piccinin et al., 2014). The EG and
NG demonstrated hand button responses during the decision-
making process. A previous study demonstrated that the pre-
central gyrus is associated with movement planning (Indefrey,
2011). Movement planning was continued when a frozen picture

was produced. An important aspect of motor planning is the
interaction between different regions (Indefrey et al., 2000).
These areas overlap with general cognitive areas, showing that
decision-making is a collaborative process involving several
domains.

In contrast to the NG, the EG showed reduced activation of
relevant brain regions during the key-press decision-making stage.
To explain this result, researchers used the “neural efficiency”
hypothesis. With increasing skill levels, a decrease in neural activity
in a particular brain region is referred to as neural efficiency
(Neubauer and Fink, 2009; Karim et al., 2017). In other words,
experts compared with non-experts, generally exhibit higher neural
efficiency when performing tasks related to their area of expertise.
In a study using fMRI technology to study central nervous system
excitability by comparing the intensity of brain activity in pianists
and control groups during finger motor tasks, pianists had lower
activation in the primary motor cortex, supplementary motor
area, and superior parietal cortex than participants in control
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FIGURE 4

Brain regions activated more by the NG than the EG during key-press decision-making. This panel shows that novice group (NG) activates more
clusters of voxels than expert group (EG). The functional brain response is overlaid on a rendered standardized brain (MNI-space) with a threshold of
0.05 corrected only showing clusters with a minimum of 25 voxels, color scale represents the significant t-values. L, left; R, right; MNI, Montreal
Neurological Institute.

groups (Krings et al., 2000). In another study, table tennis players
showed less activity in task-related brain regions during on/off
visuospatial tasks (Guo et al., 2017). In this study, it was observed
that novices activated more areas, including the occipital and
temporal lobe cortices. Sports cognitive psychologists believe that
decision-making is the result of information, and that visual
information is particularly important (Paul et al., 2016). An
individual’s eyes are used to collect information and transmit
details about their surroundings. The retina encodes the external
visual world into various images, which are then transmitted by
nerve impulses from the eyes to the visual center of the brain.
In the occipital lobe of the cerebral cortex, this information is
translated into “sights.” Similar to players in other ball sports,
soccer players’ decision-making is influenced by their ability to
identify shapes and colors in visual information, as well as the
interaction between the musculoskeletal system and visual input.
The ability to correctly interpret what is seen and done is an
acquired skill, just as players move without the ball in a football
game. As the structural basis for memory, the temporal lobe cortex
is involved in higher cognitive behaviors and together with the
occipital lobe participates in the processing of visual information.
It can be concluded that compared to the efficient behavior of
experts, novices require more time and energy to find available
information and eliminate invalid data when performing the same
task, resulting in more visual information systems being activated
to process and analyze information, ultimately consuming more
energy.

In the correlation analysis between the ROIs and behavioral
performance (accuracy) in a key-press decision task, it was

observed that in the NG group, activation in the left rectus
gyrus, bilateral thalamus, and left temporal pole showed a
significant negative correlation with accuracy during the key-
press decision phase. The rectus gyrus is associated with episodic
memory (Feng et al., 2020), the thalamus is involved in visual
information processing (Shi et al., 2022), and the temporal pole
plays an important role in perceptual processing (Bangert and
Altenmuller, 2003). This finding suggests that the activation
in these brain regions in the novice group may be associated
with lower decision-making ability or uncertainty, leading to
decreased accuracy in decision-making behavior. However, in the
EG group, activation in the left cuneus showed a significant
positive correlation with accuracy during the key-press decision
phase, while activation in the right middle temporal gyrus showed
a significant negative correlation. The cuneus is involved in
visual information processing and visual spatial attention (Zhang
et al., 2020), and increased activity in the right cuneus in the
EG group may indicate better visual information processing
ability compared to the NG group. The activation in the right
middle temporal gyrus may be related to cognitive conflict in
the decision task. The middle temporal gyrus is involved in
visual processes, specifically in action observation (Cui et al.,
2021). The presence of conflict or competition between different
options during the decision process may lead to decision difficulty.
Overall, these differences may reflect differences in cognitive
strategies and neural resource allocation during the decision-
making process between the experts and novices. Experts may
have developed more optimized and efficient decision-making
strategies through long-term training and experience, exhibiting
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FIGURE 5

Correlation analysis between ROI activity during the key-press decision phase and key-press accuracy (ACC). (A) Correlation between activation in
the left rectus gyrus and key-press accuracy. (B) Correlation between activation in the right thalamus and key-press accuracy. (C) Correlation
between activation in the left thalamus and key-press accuracy. (D) Correlation between activation in the left middle temporal gyrus and key-press
accuracy. (E) Correlation between activation in the left inferior occipital gyrus and key-press accuracy. (F) Correlation between activation in the right
middle temporal gyrus and key-press accuracy. (A–D) represent the activated brain regions in the NG group, while (E,F) represent the activated brain
regions in the EG group. ROI, region of interest; L, left; R, right; AAL, automated anatomical labeling; inf., inferior; sup., superior; mid., middle; NG,
novice group; EG, expert group.

more coordinated patterns of activation in specific brain regions.
The lower accuracy observed in the NG during the decision
task may be attributed to their limited understanding of task
requirements and lack of experience in the decision-making
process.

It is worth noting that the selective stimuli presented in
video format in this study inevitably activates the visual cortex,
which is one of the earliest regions in the brain to process visual
information. When we perform motor tasks, such as playing
basketball or soccer, the visual cortex receives visual information
from the eyes, such as the position, speed, and direction of the
ball. This information is then transmitted to other areas, triggering
motor decisions. Decision-making is dominated by the areas of
the brain responsible for developing and executing action plans.

In motor cognition tasks, the decision-making stage formulates a
motor plan based on information received from the visual cortex
and transmits it to the motor execution area. In addition, the
two stages of the decision-making task in this study are closely
related. The motor video observation stage mainly involves sensory
input and processing, while the key press decision-making stage
involves decision-making and executing motor plans. In one study,
it was found that the visual cortex is critical for the execution
of motor cognition tasks during the observation stage. During
visual perception tasks, the MT/V5 region (located in the occipital
lobe of both hemispheres in the automated anatomical labeling
template, including the inferior and superior temporal gyrus)
receives visual input and transmits it to other areas, such as the
frontal lobe, parietal lobe, and cerebellum, which are responsible
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for the decision-making stage to formulate motor plans (Tootell
et al., 1995). Furthermore, some studies have also found a close
relationship between the brain’s motor areas, such as the frontal
lobe and motor cortex, and the visual cortex during the execution
of motor plans. The activity in these regions plays a critical role
in decision-making and executing motor plans (Cunnington et al.,
2002; Passingham et al., 2010).

Based on cognitive neuroscience, this study revealed differences
in the neural mechanisms of football experts and novices
during sports video observation and decision-making. This study
demonstrated that during the motion video observation process,
the front parietal cognitive area, primary somatosensory cortex,
visual cortex, and brain insula were activated in experts and
novices; however, the cuneus lobe or inferior temporal gyrus
was not activated in novices, indicating that experts’ experience
and expertise can be used to improve their visual information
processing strategies. In the button decision-making process, the
left superior temporal gyrus, left inferior temporal gyrus, and left
middle occipital gyrus were more activated in the NG than in the
EG, which indicated that novices who performed the movement
decision-making tasks required more brain function activities to
process visual information than experts. These results can provide
guidance for training and developing athletes, helping them better
process and utilize visual information during competition, and
improve their performance. In addition, these results can be applied
to the fields of sports rehabilitation and sports medicine, providing
new ideas and methods for rehabilitation training and treatment
of sports injuries. Nevertheless, there are several limitations to
this study. First, participants were not specifically divided and
analyzed based on their positions on the field. Different positions
and roles in a soccer game can have an impact on the decision-
making process. For example, goalkeepers, defenders, midfielders,
and forward play different roles and face different decision-making
scenarios and pressures during a match. However, this study may
have overlooked the influence of these unique characteristics of
roles and positions on the decision-making process. Second, the
use of video simulations alone to present game scenarios in the
study may not fully replicate the dynamics and complexities of
real matches. In actual games, athletes need to process real-time
environmental information and observe and react to the behavior
of other players. However, video simulations may not provide
the same perception and response environment as in real games,
thereby limiting the understanding of decision-making processes
in real matches. Lastly, the fMRI technique used in the study
has relatively low temporal resolution. In soccer games, decision-
making processes are typically rapid and momentary, requiring
athletes to make quick decisions and reactions. However, the
temporal resolution of fMRI is generally within a few seconds,
which may not capture the details and dynamics of such fast
decision-making processes.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed
and approved by the State Key Laboratory of Cognitive
Neuroscience and Learning, Beijing Normal University. The
patients/participants provided their written informed consent
to participate in this study. Written informed consent was
obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this
article.

Author contributions

M-HH, JiL, JuL, and ZQ conceptualized, designed, and
conducted the experiments. M-HH, JiL, and JuL analyzed
the data, interpreted the results, and wrote the manuscript.
M-HH, JuL, ZQ, and Y-PC contributed to the conduct of
the experiment and edited the manuscript. JiL and Y-PC
revised the manuscript. All authors approved the submitted
version.

Funding

This research was funded by the humanities and social science
planned project of the Ministry of Education of the People’s
Republic of China (No. 19YJA890009).

Acknowledgments

We would like to thank Editage (www.editage.cn) for English
language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Human Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnhum.2023.1189841
http://www.editage.cn
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-17-1189841 August 22, 2023 Time: 14:27 # 12

Huang et al. 10.3389/fnhum.2023.1189841

References

Aglioti, S. M., Cesari, P., Romani, M., and Urgesi, C. (2008). Action anticipation
and motor resonance in elite basketball players. Nat. Neurosci. 11, 1109–1116. doi:
10.1038/nn.2182

Bakker, M., De Lange, F. P., Helmich, R. C., Scheeringa, R., Bloem, B. R., and Toni, I.
(2008). Cerebral correlates of motor imagery of normal and precision gait. Neuroimage
41, 998–1010. doi: 10.1016/j.neuroimage.2008.03.020

Bangert, M., and Altenmuller, E. O. (2003). Mapping perception to action in piano
practice: A longitudinal DC-EEG study. BMC Neurosci. 4:26. doi: 10.1186/1471-2202-
4-26

Blain, B., Schmit, C., Aubry, A., Hausswirth, C., Le Meur, Y., and Pessiglione,
M. (2019). Neuro-computational impact of physical training overload on economic
decision-making. Curr. Biol. 29, 3289.e4–3297.e4. doi: 10.1016/j.cub.2019.08.054

Blazhenets, G., Kurz, A., Frings, L., Leukel, C., and Meyer, P. T. (2021). Brain
activation patterns during visuomotor adaptation in motor experts and novices: An
FDG PET study with unrestricted movements. J. Neurosci. Methods 350:109061. doi:
10.1016/j.jneumeth.2020.109061

Booth, J. R., Burman, D. D., Meyer, J. R., Lei, Z., Trommer, B. L., Davenport, N. D.,
et al. (2005). Larger deficits in brain networks for response inhibition than for visual
selective attention in attention deficit hyperactivity disorder (ADHD). J. Child Psychol.
Psychiatry 46, 94–111. doi: 10.1111/j.1469-7610.2004.00337.x

Cai, Y., Urgolites, Z., Wood, J., Chen, C., Li, S., Chen, A., et al. (2018). Distinct neural
substrates for visual short-term memory of actions. Hum. Brain Mapp. 39, 4119–4133.
doi: 10.1002/hbm.24236

Calvo-Merino, B., Glaser, D. E., Grezes, J., Passingham, R. E., and Haggard, P.
(2005). Action observation and acquired motor skills: An FMRI study with expert
dancers. Cereb. Cortex 15, 1243–1249. doi: 10.1093/cercor/bhi007

Chang, Y., Lee, J. J., Seo, J. H., Song, H. J., Kim, Y. T., Lee, H. J., et al. (2011).
Neural correlates of motor imagery for elite archers. NMR Biomed. 24, 366–372.
doi: 10.1002/nbm.1600

Chen, Y., Wang, Y., Zhao, Q., Wang, Y., Lu, Y., and Zhou, C. (2020). Watching
video of discrete maneuvers yields better action memory and greater activation in the
middle temporal gyrus in half-pipe snowboarding athletes. Neurosci. Lett. 739:135336.
doi: 10.1016/j.neulet.2020.135336

Corbetta, M., Patel, G., and Shulman, G. L. (2008). The reorienting system of
the human brain: From environment to theory of mind. Neuron 58, 306–324. doi:
10.1016/j.neuron.2008.04.017

Corbetta, M., and Shulman, G. L. (2002). Control of goal-directed and stimulus-
driven attention in the brain. Nat. Rev. Neurosci. 3, 201–215. doi: 10.1038/nrn755

Correia, G., Pereira, M., Gomes, A., Bragança, M. D. R., Weber, S., Ferreira, M. A.,
et al. (2022). Predictors of medical students’ views toward research: Insights from
a cross-cultural study among portuguese-speaking countries. Healthcare 10:336. doi:
10.3390/healthcare10020336

Cross, E. S., Kraemer, D. J., Hamilton, A. F., Kelley, W. M., and Grafton, S. T. (2009).
Sensitivity of the action observation network to physical and observational learning.
Cereb. Cortex 19, 315–326. doi: 10.1093/cercor/bhn083

Cui, W., Wang, S., Chen, B., and Fan, G. (2021). Altered functional network in
infants with profound bilateral congenital sensorineural hearing loss: A graph theory
analysis. Front. Neurosci. 15:810833. doi: 10.3389/fnins.2021.810833

Cunnington, R., Windischberger, C., Deecke, L., and Moser, E. (2002). The
preparation and execution of self-initiated and externally-triggered movement: A
study of event-related fMRI. Neuroimage 15, 373–385. doi: 10.1006/nimg.2001.0976

Del Villar, F., Garcia Gonzalez, L., Iglesias, D., Perla Moreno, M., and Cervello,
E. M. (2007). Expert-novice differences in cognitive and execution skills during tennis
competition. Percept. Mot. Skills 104, 355–365. doi: 10.2466/pms.104.2.355-365

Den Hartigh, R. J. R., Van der Steen, S., Hakvoort, B., Frencken, W. G. P., and
Lemmink, K. A. P. M. (2018). Differences in game reading between selected and non-
selected youth soccer players. J. Sports Sci. 36, 422–428. doi: 10.1080/02640414.2017.
1313442

Di Russo, F., Pitzalis, S., Aprile, T., and Spinelli, D. (2005). Effect of practice on
brain activity: An investigation in top-level rifle shooters. Med. Sci. Sports Exerc. 37,
1586–1593. doi: 10.1249/01.mss.0000177458.71676.0d

Feng, R., Rolls, E. T., Cheng, W., and Feng, J. (2020). Hypertension is associated with
reduced hippocampal connectivity and impaired memory. EBioMedicine 61:103082.
doi: 10.1016/j.ebiom.2020.103082

Fink, A., Bay, J. U., Koschutnig, K., Prettenthaler, K., Rominger, C., Benedek,
M., et al. (2019). Brain and soccer: Functional patterns of brain activity during the
generation of creative moves in real soccer decision-making situations. Hum. Brain
Mapp. 40, 755–764. doi: 10.1002/hbm.24408

Garavan, H., Ross, T. J., Murphy, K., Roche, R. A., and Stein, E. A. (2002).
Dissociable executive functions in the dynamic control of behavior: Inhibition,
error detection, and correction. Neuroimage 17, 1820–1829. doi: 10.1006/nimg.2002.
1326

Gobel, E. W., Parrish, T. B., and Reber, P. J. (2011). Neural correlates of skill
acquisition: Decreased cortical activity during a serial interception sequence learning
task. Neuroimage 58, 1150–1157. doi: 10.1016/j.neuroimage.2011.06.090

Gold, J. I., and Shadlen, M. N. (2007). The neural basis of decision making. Annu.
Rev. Neurosci. 30, 535–574. doi: 10.1146/annurev.neuro.29.051605.113038

Gong, D., He, H., Liu, D., Ma, W., Dong, L., Luo, C., et al. (2015). Enhanced
functional connectivity and increased gray matter volume of insula related to action
video game playing. Sci. Rep. 5:9763. doi: 10.1038/srep09763

Guo, Z. P., Li, A. M., and Yu, L. (2017). “Neural Efficiency” of athletes’ brain during
visuo-spatial task: An fMRI study on table tennis players. Front. Behav. Neurosci. 11:72.
doi: 10.3389/fnbeh.2017.00072

Huang, H., Wang, J., Seger, C., Lu, M., Deng, F., Wu, X., et al. (2018). Long-term
intensive gymnastic training induced changes in intra- and inter-network functional
connectivity: An independent component analysis. Brain Struct. Funct. 223, 131–144.
doi: 10.1007/s00429-017-1479-y

Huk, A. C., and Shadlen, M. N. (2005). Neural activity in macaque parietal cortex
reflects temporal integration of visual motion signals during perceptual decision
making. J. Neurosci. 25, 10420–10436. doi: 10.1523/JNEUROSCI.4684-04.2005

Indefrey, P. (2011). The spatial and temporal signatures of word production
components: A critical update. Front. Psychol. 2:255. doi: 10.3389/fpsyg.2011.00255

Indefrey, P., Hellwig, F., Posse, S., and Goebel, R. (2000). Task- and stimulus-
dependent differential activation during verbal and visuo-spatial short term memory.
NeuroImage 11(5. Suppl.):S378. doi: 10.1016/S1053-8119(00)91309-0

Karim, H. T., Huppert, T. J., Erickson, K. I., Wollam, M. E., Sparto, P. J., Sejdic, E.,
et al. (2017). Motor sequence learning-induced neural efficiency in functional brain
connectivity. Behav. Brain Res. 319, 87–95. doi: 10.1016/j.bbr.2016.11.021

Kim, W., Chang, Y., Kim, J., Seo, J., Ryu, K., Lee, E., et al. (2014). An fMRI
study of differences in brain activity among elite, expert, and novice archers at the
moment of optimal aiming. Cogn. Behav. Neurol. 27, 173–182. doi: 10.1097/Wnn.
0000000000000042

Kourtzi, Z., and Kanwisher, N. (2000). Activation in human MT/MST by
static images with implied motion. J. Cogn. Neurosci. 12, 48–55. doi: 10.1162/
08989290051137594

Krings, T., Topper, R., Foltys, H., Erberich, S., Sparing, R., Willmes, K., et al. (2000).
Cortical activation patterns during complex motor tasks in piano players and control
subjects. A functional magnetic resonance imaging study. Neurosci. Lett. 278, 189–193.
doi: 10.1016/s0304-3940(99)00930-1

Li, J., Zeng, Q., Zhou, W., Zhai, X., Lai, C., Zhu, J., et al. (2020). Altered brain
functional network in parkinson disease with rapid eye movement sleep behavior
disorder. Front. Neurol. 11:563624. doi: 10.3389/fneur.2020.563624

Libby, L. K., Shaeffer, E. M., and Eibach, R. P. (2009). Seeing meaning in action:
A bidirectional link between visual perspective and action identification level. J. Exp.
Psychol. Gen. 138, 503–516. doi: 10.1037/a0016795

Ludyga, S., Gerber, M., Puhse, U., Looser, V. N., and Kamijo, K. (2020). Systematic
review and meta-analysis investigating moderators of long-term effects of exercise on
cognition in healthy individuals. Nat. Hum. Behav. 4, 603–612. doi: 10.1038/s41562-
020-0851-8

Matthews, S. C., Simmons, A. N., Arce, E., and Paulus, M. P. (2005). Dissociation of
inhibition from error processing using a parametric inhibitory task during functional
magnetic resonance imaging. Neuroreport 16, 755–760. doi: 10.1097/00001756-
200505120-00020

Memmert, D., Huttermann, S., and Orliczek, J. (2013). Decide like Lionel Messi!
The impact of regulatory focus on divergent thinking in sports. J. Appl. Soc. Psychol.
43, 2163–2167. doi: 10.1111/jasp.12159

Menon, V., Adleman, N. E., White, C. D., Glover, G. H., and Reiss, A. L. (2001).
Error-related brain activation during a Go/NoGo response inhibition task. Hum. Brain
Mapp. 12, 131–143. doi: 10.1002/1097-0193(200103)12:3<131::aid-hbm1010>3.0.co;
2-c

Murr, D., Feichtinger, P., Larkin, P., O’Connor, D., and Honer, O. (2018).
Psychological talent predictors in youth soccer: A systematic review of the prognostic
relevance of psychomotor, perceptual-cognitive and personality-related factors. PLoS
One 13:e0205337. doi: 10.1371/journal.pone.0205337

Neubauer, A. C., and Fink, A. (2009). Intelligence and neural efficiency. Neurosci.
Biobehav. Rev. 33, 1004–1023. doi: 10.1016/j.neubiorev.2009.04.001

Noppeney, U., and Price, C. J. (2002). Retrieval of visual, auditory, and abstract
semantics. Neuroimage 15, 917–926. doi: 10.1006/nimg.2001.1016

Oechslin, M. S., Van De Ville, D., Lazeyras, F., Hauert, C. A., and James, C. E. (2013).
Degree of musical expertise modulates higher order brain functioning. Cereb. Cortex
23, 2213–2224. doi: 10.1093/cercor/bhs206

Ojemann, G. A., Schoenfield-McNeill, J., and Corina, D. P. (2002). Anatomic
subdivisions in human temporal cortical neuronal activity related to recent verbal
memory. Nat. Neurosci. 5, 64–71. doi: 10.1038/nn785

Frontiers in Human Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnhum.2023.1189841
https://doi.org/10.1038/nn.2182
https://doi.org/10.1038/nn.2182
https://doi.org/10.1016/j.neuroimage.2008.03.020
https://doi.org/10.1186/1471-2202-4-26
https://doi.org/10.1186/1471-2202-4-26
https://doi.org/10.1016/j.cub.2019.08.054
https://doi.org/10.1016/j.jneumeth.2020.109061
https://doi.org/10.1016/j.jneumeth.2020.109061
https://doi.org/10.1111/j.1469-7610.2004.00337.x
https://doi.org/10.1002/hbm.24236
https://doi.org/10.1093/cercor/bhi007
https://doi.org/10.1002/nbm.1600
https://doi.org/10.1016/j.neulet.2020.135336
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1038/nrn755
https://doi.org/10.3390/healthcare10020336
https://doi.org/10.3390/healthcare10020336
https://doi.org/10.1093/cercor/bhn083
https://doi.org/10.3389/fnins.2021.810833
https://doi.org/10.1006/nimg.2001.0976
https://doi.org/10.2466/pms.104.2.355-365
https://doi.org/10.1080/02640414.2017.1313442
https://doi.org/10.1080/02640414.2017.1313442
https://doi.org/10.1249/01.mss.0000177458.71676.0d
https://doi.org/10.1016/j.ebiom.2020.103082
https://doi.org/10.1002/hbm.24408
https://doi.org/10.1006/nimg.2002.1326
https://doi.org/10.1006/nimg.2002.1326
https://doi.org/10.1016/j.neuroimage.2011.06.090
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1038/srep09763
https://doi.org/10.3389/fnbeh.2017.00072
https://doi.org/10.1007/s00429-017-1479-y
https://doi.org/10.1523/JNEUROSCI.4684-04.2005
https://doi.org/10.3389/fpsyg.2011.00255
https://doi.org/10.1016/S1053-8119(00)91309-0
https://doi.org/10.1016/j.bbr.2016.11.021
https://doi.org/10.1097/Wnn.0000000000000042
https://doi.org/10.1097/Wnn.0000000000000042
https://doi.org/10.1162/08989290051137594
https://doi.org/10.1162/08989290051137594
https://doi.org/10.1016/s0304-3940(99)00930-1
https://doi.org/10.3389/fneur.2020.563624
https://doi.org/10.1037/a0016795
https://doi.org/10.1038/s41562-020-0851-8
https://doi.org/10.1038/s41562-020-0851-8
https://doi.org/10.1097/00001756-200505120-00020
https://doi.org/10.1097/00001756-200505120-00020
https://doi.org/10.1111/jasp.12159
https://doi.org/10.1002/1097-0193(200103)12:3<131::aid-hbm1010>3.0.co;2-c
https://doi.org/10.1002/1097-0193(200103)12:3<131::aid-hbm1010>3.0.co;2-c
https://doi.org/10.1371/journal.pone.0205337
https://doi.org/10.1016/j.neubiorev.2009.04.001
https://doi.org/10.1006/nimg.2001.1016
https://doi.org/10.1093/cercor/bhs206
https://doi.org/10.1038/nn785
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-17-1189841 August 22, 2023 Time: 14:27 # 13

Huang et al. 10.3389/fnhum.2023.1189841

Passingham, R. E., Bengtsson, S. L., and Lau, H. C. (2010). Medial frontal cortex:
From self-generated action to reflection on one’s own performance. Trends Cogn. Sci.
14, 16–21. doi: 10.1016/j.tics.2009.11.001

Paul, D. J., Gabbett, T. J., and Nassis, G. P. (2016). Agility in team sports: Testing,
training and factors affecting performance. Sports Med. 46, 421–442. doi: 10.1007/
s40279-015-0428-2

Piccinin, C. C., Piovesana, L. G., Santos, M. C., Guimaraes, R. P., De Campos,
B. M., Rezende, T. J., et al. (2014). Diffuse decreased gray matter in patients with
idiopathic craniocervical dystonia: A voxel-based morphometry study. Front. Neurol.
5:283. doi: 10.3389/fneur.2014.00283

Platt, M. L., and Glimcher, P. W. (1999). Neural correlates of decision variables in
parietal cortex. Nature 400, 233–238. doi: 10.1038/22268

Price, C. J. (2000). The anatomy of language: Contributions from functional
neuroimaging. J. Anat. 197(Pt 3), 335–359. doi: 10.1046/j.1469-7580.2000.19730335.x

Rizzolatti, G., and Destro, M. F. (2007). Understanding actions and the intentions
of others: The basic neural mechanism. Eur. Rev. 15, 209–222. doi: 10.1017/
S1062798707000221

Sanchez-Lopez, J., Fernandez, T., Silva-Pereyra, J., Martinez Mesa, J. A., and Di
Russo, F. (2014). Differences in visuo-motor control in skilled vs. novice martial
arts athletes during sustained and transient attention tasks: A motor-related cortical
potential study. PLoS One 9:e91112. doi: 10.1371/journal.pone.0091112

Senior, C., Barnes, J., Giampietroc, V., Simmons, A., Bullmore, E. T., Brammer,
M., et al. (2000). The functional neuroanatomy of implicit-motion perception or
‘representational momentum’. Curr. Biol. 10, 16–22. doi: 10.1016/S0960-9822(99)
00259-6

Shi, Y. D., Ge, Q. M., Lin, Q., Liang, R. B., Li, Q. Y., Shi, W. Q., et al.
(2022). Functional connectivity density alterations in children with strabismus and
amblyopia based on resting-state functional magnetic resonance imaging (fMRI).
BMC Ophthalmol. 22:49. doi: 10.1186/s12886-021-02228-3

Strakowski, S. M., Adler, C. M., Holland, S. K., Mills, N. P., DelBello, M. P., and
Eliassen, J. C. (2005). Abnormal FMRI brain activation in euthymic bipolar disorder
patients during a counting Stroop interference task. Am. J. Psychiatry 162, 1697–1705.
doi: 10.1176/appi.ajp.162.9.1697

Tootell, R. B., Reppas, J. B., Kwong, K. K., Malach, R., Born, R. T., Brady, T. J.,
et al. (1995). Functional analysis of human MT and related visual cortical areas using
magnetic resonance imaging. J. Neurosci. 15, 3215–3230. doi: 10.1523/JNEUROSCI.
15-04-03215.1995

Urgesi, C., Savonitto, M. M., Fabbro, F., and Aglioti, S. M. (2012). Long- and short-
term plastic modeling of action prediction abilities in volleyball. Psychol. Res. 76,
542–560. doi: 10.1007/s00426-011-0383-y

van der Meulen, M., Allali, G., Rieger, S. W., Assal, F., and Vuilleumier, P. (2014).
The influence of individual motor imagery ability on cerebral recruitment during gait
imagery. Hum. Brain Mapp. 35, 455–470. doi: 10.1002/hbm.22192

Vestberg, T., Reinebo, G., Maurex, L., Ingvar, M., and Petrovic, P. (2017). Core
executive functions are associated with success in young elite soccer players. PLoS One
12:e0170845. doi: 10.1371/journal.pone.0170845

Vincent, J. L., Kahn, I., Snyder, A. Z., Raichle, M. E., and Buckner, R. L.
(2008). Evidence for a frontoparietal control system revealed by intrinsic functional
connectivity. J. Neurophysiol. 100, 3328–3342. doi: 10.1152/jn.90355.2008

Wang, C., Wai, Y., Kuo, B., Yeh, Y. Y., and Wang, J. (2008). Cortical control
of gait in healthy humans: An fMRI study. J. Neural Transm. 115, 1149–1158. doi:
10.1007/s00702-008-0058-z

Willams, A. M., Hodges, N. J., North, J. S., and Barton, G. (2006). Perceiving patterns
of play in dynamic sport tasks: Investigating the essential information underlying
skilled performance. Perception 35, 317–332. doi: 10.1068/p5310

Williams, A. M. (2000). Perceptual skill in soccer: Implications for talent
identification and development. J. Sports Sci. 18, 737–750. doi: 10.1080/
02640410050120113

Williams, A. M., and Davids, K. (1998). Visual search strategy, selective attention,
and expertise in soccer. Res. Q. Exerc. Sport 69, 111–128. doi: 10.1080/02701367.1998.
10607677

Williams, A. M., Ward, P., and Chapman, C. (2003). Training perceptual skill in
field hockey: Is there transfer from the laboratory to the field? Res. Q. Exerc. Sport 74,
98–103. doi: 10.1080/02701367.2003.10609068

Woods, E. A., Hernandez, A. E., Wagner, V. E., and Beilock, S. L. (2014). Expert
athletes activate somatosensory and motor planning regions of the brain when
passively listening to familiar sports sounds. Brain Cogn. 87, 122–133. doi: 10.1016/
j.bandc.2014.03.007

Wylie, S. A., Bashore, T. R., Van Wouwe, N. C., Mason, E. J., John, K. D., Neimat,
J. S., et al. (2018). Exposing an “Intangible” cognitive skill among collegiate football
players: Enhanced interference control. Front. Psychol. 9:49. doi: 10.3389/fpsyg.2018.
00049

Yang, J. (2015). The influence of motor expertise on the brain activity of
motor task performance: A meta-analysis of functional magnetic resonance imaging
studies. Cogn. Affect. Behav. Neurosci. 15, 381–394. doi: 10.3758/s13415-014-
0329-0

Yang, J., Yin, Y., Svob, C., Long, J., He, X., Zhang, Y., et al. (2017). Amygdala atrophy
and its functional disconnection with the cortico-striatal-pallidal-thalamic circuit in
major depressive disorder in females. PLoS One 12:e0168239. doi: 10.1371/journal.
pone.0168239

Zhang, J., Hu, Y., Wang, Z., Wang, M., and Dong, G. H. (2020). Males are more
sensitive to reward and less sensitive to loss than females among people with internet
gaming disorder: fMRI evidence from a card-guessing task. BMC Psychiatry 20:357.
doi: 10.1186/s12888-020-02771-1

Zhang, L. L., Pi, Y. L., Shen, C., Zhu, H., Li, X. P., Ni, Z., et al. (2018).
Expertise-level-dependent functionally plastic changes during motor imagery in
basketball players. Neuroscience 380, 78–89. doi: 10.1016/j.neuroscience.2018.
03.050

Zouhal, H., Abderrahman, A. B., Dupont, G., Truptin, P., Le Bris, R.,
Le Postec, E., et al. (2019). Effects of neuromuscular training on agility
performance in elite soccer players. Front. Physiol. 10:947. doi: 10.3389/fphys.2019.
00947

Frontiers in Human Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnhum.2023.1189841
https://doi.org/10.1016/j.tics.2009.11.001
https://doi.org/10.1007/s40279-015-0428-2
https://doi.org/10.1007/s40279-015-0428-2
https://doi.org/10.3389/fneur.2014.00283
https://doi.org/10.1038/22268
https://doi.org/10.1046/j.1469-7580.2000.19730335.x
https://doi.org/10.1017/S1062798707000221
https://doi.org/10.1017/S1062798707000221
https://doi.org/10.1371/journal.pone.0091112
https://doi.org/10.1016/S0960-9822(99)00259-6
https://doi.org/10.1016/S0960-9822(99)00259-6
https://doi.org/10.1186/s12886-021-02228-3
https://doi.org/10.1176/appi.ajp.162.9.1697
https://doi.org/10.1523/JNEUROSCI.15-04-03215.1995
https://doi.org/10.1523/JNEUROSCI.15-04-03215.1995
https://doi.org/10.1007/s00426-011-0383-y
https://doi.org/10.1002/hbm.22192
https://doi.org/10.1371/journal.pone.0170845
https://doi.org/10.1152/jn.90355.2008
https://doi.org/10.1007/s00702-008-0058-z
https://doi.org/10.1007/s00702-008-0058-z
https://doi.org/10.1068/p5310
https://doi.org/10.1080/02640410050120113
https://doi.org/10.1080/02640410050120113
https://doi.org/10.1080/02701367.1998.10607677
https://doi.org/10.1080/02701367.1998.10607677
https://doi.org/10.1080/02701367.2003.10609068
https://doi.org/10.1016/j.bandc.2014.03.007
https://doi.org/10.1016/j.bandc.2014.03.007
https://doi.org/10.3389/fpsyg.2018.00049
https://doi.org/10.3389/fpsyg.2018.00049
https://doi.org/10.3758/s13415-014-0329-0
https://doi.org/10.3758/s13415-014-0329-0
https://doi.org/10.1371/journal.pone.0168239
https://doi.org/10.1371/journal.pone.0168239
https://doi.org/10.1186/s12888-020-02771-1
https://doi.org/10.1016/j.neuroscience.2018.03.050
https://doi.org/10.1016/j.neuroscience.2018.03.050
https://doi.org/10.3389/fphys.2019.00947
https://doi.org/10.3389/fphys.2019.00947
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

	Characteristics of brain activation in high-level football players at different stages of decision-making tasks off the ball: an fMRI study
	Introduction
	Materials and methods
	Participants
	Experiment task
	fMRI data acquisition
	fMRI data pre-processing and analysis
	Statistical analysis
	Correlation analysis

	Results
	Behavioral results
	fMRI results
	The activation of brain regions during video observation
	Brain activation during button decision-making


	Discussion
	Brain activation during motor videos
	Behavioral expression and brain activation during button decision-making

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


