
 

This article shows that MOT performance is correlated to the basketball 
player level. Brain recordings indicate a higher efficiency in specific areas 
in Elite players (First Ligue, China) compared to beginners. 

At high attentional workload (4 targets at MOT), Elite players show 
higher performance (54% ±15% of positive hits) compared to beginners 
(39% ±11% positive hits). 

Neurofy allows high workload training of spatial attention in a fully 
immersive 3D-MOT environment. 
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A B S T R A C T

Although sports expertise has been shown to have transferable cognitive benefits, it is unclear how motor ex-
pertise influences brain activity during perceptual-cognitive tasks. The aim of the present study was to in-
vestigate whether improved perceptual-cognitive behavioral task performance in individuals with well-devel-
oped motor skills is associated with characteristic cortical activation and deactivation. Blood oxygenation-level
dependent (BOLD) functional MRI (fMRI) was conducted in 23 athletes and 24 age- and education-matched non-
athletes performing a multiple object tracking (MOT) task with graded levels of attentional load (two, three, or
four targets). Compared to non-athletes, athletes had better performance in the three- and four-target conditions
of the MOT task. Less activation of the left frontal eye field (FEF) and bilateral anterior intraparietal sulcus (aIPS)
and less deactivation in the bilateral medial superior frontal gyrus (mSFG) were observed in athletes compared
to non-athletes. Importantly, as the attentional load was increased, differences in deactivation of the left middle
temporal gyrus (MTG) between athletes and non-athletes became larger. Behavioral performance in the high
attentional load condition correlated negatively with activation in the left FEF and right aIPS, and correlated
positively with that in the mSFG and left MTG. Better performance in elite athletes may transfer from the sport
domain to a general cognitive domain owing to higher neural efficiency, which may be represented by a bi-
directional reduction phenomenon encompassing both reduced activation of areas associated with task execu-
tion and reduced deactivation of areas associated with irrelevant information processing.

1. Introduction

Motor skill learning is associated with neuroplastic changes in the
brain (Dayan & Cohen, 2011; Debarnot et al., 2014; Doyon & Benali,
2005). Several studies have demonstrated functional changes, including
increased activation in brain areas, in motor skill experts (Calvo-Merino
et al., 2005; Wei & Luo, 2010; Wright et al., 2010). These studies
suggest that, through long-term training, motor skill experts gain the
ability to generate preferential activation of brain areas involved in
action planning and action comprehension (Yang, 2015). However,
findings of decreased activation in certain brain areas have also been
observed in motor skill experts (Guo et al., 2017; Jäncke et al., 2000;
Krings et al., 2000; Naito & Hirose, 2014; Percio et al., 2009; Percio
et al., 2008). Although long-term physical training has been shown to
improve cognitive processing (Alves et al., 2013; Voss et al., 2010), it

has not been clarified how motor expertise influences brain activity
during perceptual-cognitive task performance.

Behavioral studies showing that athletes perform better than non-
athletes in perceptual-cognitive tasks have suggested that athletic
training can transfer positive effects to a general cognitive domain
(Alves et al., 2013; Voss et al., 2010). Training-induced behavioral
changes are accompanied by neural activity changes (Karbach &
Schubert, 2013). It remains to be resolved how the development of
motor expertise may alter brain activity during perceptual-cognitive
task performance. In a study investigating brain activation during vi-
suospatial cognitive task performance, Guo et al. (2017) found that
athletes exhibited lower cortical activation than non-athletes in task-
relevant brain areas. They concluded that long-term training in athletes
may have led to the development of a focused and efficient organization
of task-related neural networks that enabled cognitive skills developed

https://doi.org/10.1016/j.biopsycho.2019.03.008
Received 24 November 2018; Received in revised form 15 February 2019; Accepted 15 March 2019

⁎ Corresponding author at: School of Economics and Management, Shanghai University of Sport, 650 Qing Yuan Huan Road, Shanghai, 200438, China.
E-mail address: wuyin@sus.edu.cn (Y. Wu).

1 These authors contributed equally to this work.

Biological Psychology 144 (2019) 28–36

Available online 19 March 2019
0301-0511/ © 2019 Published by Elsevier B.V.

T

http://www.sciencedirect.com/science/journal/03010511
https://www.elsevier.com/locate/biopsycho
https://doi.org/10.1016/j.biopsycho.2019.03.008
https://doi.org/10.1016/j.biopsycho.2019.03.008
mailto:wuyin@sus.edu.cn
https://doi.org/10.1016/j.biopsycho.2019.03.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopsycho.2019.03.008&domain=pdf


in athletic training to be transferred to similar processes in other do-
mains. Decreased cortical activation in experts has been postulated to
reflect greater neural efficiency (Gobel et al., 2011; Guo et al., 2017;
Krings et al., 2000; Milton et al., 2007; Nakata et al., 2010), and has
been associated with better performance in expertise-related tasks (Boe
et al., 2012; Guo et al., 2017; Haufler et al., 2000). The neural efficiency
model of expertise has been supported by electroencephalography
studies reporting reduced cortical activation (less pronounced alpha-
frequency event-related desynchronization) in elite athletes, compared
to non-athletes, during the performance of visuo-motor tasks related to
the athletes’ expertise (Babiloni et al., 2010; Percio et al., 2009; Percio
et al., 2008). It has been supposed that decreased cortical activation
may reflect a sharpening of network activity such that, with practice,
fewer neurons fire strongly during task performance (Kelly & Garavan,
2005; Poldrack, 2000).

In addition to activity changes in regions supporting task execution,
deactivations were observed in regions involved in resting-state pro-
cessing (Fox et al., 2005; Kelly & Garavan, 2005; Ossandón et al., 2011;
Raichle, 2015; Raichle et al., 2001), such as the default mode network
(DMN), whose activity is thought to reflect suppression of irrelevant
information processing (Fox et al., 2005; Kelly & Garavan, 2005;
Petersson et al., 1999). Training-induced automaticity may decrease the
need for such suppression (Kelly & Garavan, 2005; Meshulam et al.,
2017; Patel et al., 2013). Thus, we posited that neural efficiency may be
associated with reduced activity in areas associated with task execution
as well as reduced activity in areas associated with suppression of ir-
relevant information processing.

The multiple object tracking (MOT) task (Pylyshyn & Storm, 1988)
is a well-established paradigm for investigating goal-driven attention in
dynamic environments. While performing the MOT task, subjects must
allocate cognitive resources to multiple targets while inhibiting iden-
tical-looking distractors (Dørum et al., 2016). Neuroimaging studies of
subjects performing the MOT task have shown activations along the
dorsal attention network (DAN)—including in the frontal eye fields
(FEFs), the superior parietal lobe, the anterior intraparietal sulcus
(aIPS), and the posterior intraparietal sulcus—and deactivation within
the DMN—including the medial prefrontal cortex (mPFC) and the
temporal cortex (Alnaes et al., 2015; Culham et al., 1998; Culham et al.,
2001; Dørum et al., 2016; Jovicich et al., 2001). The DAN, which is
involved in goal-driven (top-down) selection and responses, supports
selective and sustained visuospatial attention (Corbetta et al., 2008;
Corbetta & Shulman, 2002; Fox et al., 2006). The DMN, which exhibits
high metabolic activity at rest and during relatively simple tasks, is
deactivated during the performance of cognitively demanding tasks
(Gusnard & Raichle, 2001; Raichle, 2015; Raichle et al., 2001). Using
the MOT task to compare differences in brain activation between ex-
perts and novices provides a means of investigating the relationship
between behavioral performance and changes in brain activation, and
thus is useful for assessing the characteristics of neural efficiency.

The MOT paradigm replicates the demands of team sport play well
(Faubert, 2013; Faubert & Sidebottom, 2012; Mangine et al., 2014;
Memmert et al., 2009; Scholl, 2009). For example, basketball players
must monitor the movements and positions of their teammates while
inhibiting irrelevant information on the court. Indeed, behavioral stu-
dies have shown that, relative to sport novices, basketball and soccer
players exhibit better multiple-object tracking performance (Faubert,
2013; Mangine et al., 2014), and supports the notion that a MOT task is
an appropriate model with which to investigate training effects on brain
activity.

In this study, we compared cortical activation and deactivation
between basketball players and non-athletes in a MOT-paradigm per-
ceptual-cognitive task at three attentional load levels (two, three, and
four targets). Based on prior evidence suggesting that long-term athletic
training may improve neural efficiency (Gobel et al., 2011; Guo et al.,
2017; Krings et al., 2000; Milton et al., 2007; Percio et al., 2008) and
studies suggesting that brain activation differences between athletes

and novices may only be detected during the performance of challen-
ging tasks (Aglioti et al., 2008; Wu et al., 2013), we hypothesized that,
relative to non-athletes, athletes would exhibit better MOT performance
at a high attentional load while showing less activation in DAN core
areas and less deactivation in DMN core areas.

2. Materials and methods

2.1. Participants

Twenty-six basketball players and 26 non-athletes participated in
the study. Three basketball players and 2 non-athletes were excluded
due to excessive head motion in the scanner (see fMRI preprocessing).
Thus, the final analysis included 23 basketball players (mean age:
20.43 ± 1.56 years, range: 19–26 years) and 24 age- and education-
matched non-athletes (mean age: 20.71 ± 2.03 years, range: 18–25
years). All participants were right-handed men. The basketball players
were first- and second-level national athletes recruited from Shanghai
University of Sport’s basketball team. The athletes had trained an
average of 14.35 ± 2.29 h per week (range: 10–20 h) for 6.48 ± 1.47
years (range: 5–10 years). The non-athletes were university students
without training experience in competitive basketball or any other
sports. All participants reported normal or corrected-to-normal vision.
The experimental protocol was approved by the regional ethics com-
mittee of the Shanghai University of Sport. All participants provided
written informed consent for participation prior to the start of the ex-
periment.

2.2. Stimuli and procedure

Visual stimuli were created in MATLAB and presented on a screen
situated outside of and nearby the scanner. The participants viewed the
stimuli via a small mirror located inside the scanner. As depicted in
Fig. 1, for each trial, a white fixation point was presented on a grey
background (visual field, 20°× 15°), followed by 10 blue objects
(diameter 1.33°) for 0.5 s. During active tracking conditions, a subset of
the objects (two, three, or four) were highlighted in red for 2 s to des-
ignate them as tracking targets. The target objects were turned back to
blue so that no cue remained to distinguish them from the non-tracking
items. After 1.5 s, all 10 objects started to move in random directions at
a constant speed (10°/s) for 8 s. Finally, at the end of the tracking
period, the objects stopped moving before a subset of the objects (the
same number as that of the highlighted targets in the same trial) turned
green (probe; Fig. 1). The participants were instructed to press a
number key (0, 1, 2, 3, or 4) to indicate the number of probe items that
matched the targets. During the passive viewing condition, all objects
remained blue throughout the moving period. The participants were
instructed to passively watch the whole display without paying atten-
tion to any particular objects and to press the 0 button. Participants
were instructed to fixate on the white fixation point throughout the
trial. Initial object positions were generated randomly from trial to trial.
Circles made random changes per second to make object movements
unpredictable. To avoid collision or overlap, objects were programmed
to change movement directions when they approached each other or
touched the screen border.

The experiment contained 96 trials divided into 24 cycles of four
trials each (passive viewing, two targets, three targets, and four tar-
gets). The trial sequence order within the cycles was random.
Participants had 15 s rest (fixation condition) between blocks.
Participants were familiarized with the task prior to performing it in the
scanner. Response accuracy data were recorded. To optimize accuracy,
we did not ask participants to respond quickly (Jovicich et al., 2001;
Pylyshyn & Annan, 2006).
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2.3. fMRI data acquisition

Functional images were collected with a 3-T Siemens scanner at the
Center for Functional Magnetic Resonance Imaging at East China
Normal University. A standard head coil was used with foam padding to
restrict head motion. Functional images were obtained via a gradient
echo-planar imaging (EPI) sequence with the following parameters:
repetition time (TR)=2000ms, one shot per repetition, echo time
(TE)= 30ms, flip angle (FA)= 90°, and field of view
(FOV)= 210×210 mm2, slice thickness= 4mm). Thirty-three con-
tiguous axial slices covering the entire brain were acquired with
3.3×3.3×4mm3 voxels.

At the same slice locations as the functional images, T1 anatomical
images were acquired with a magnetization-prepared rapid gradient
echo (MPRAGE) sequence: 192 slices, TR=2530ms, TE=2.34ms,
slice thickness= 1mm, voxel size= 1×1×1mm3, FA=7°, and
FOV=256×256mm2.

2.4. Data analysis

2.4.1. Behavioral data
Means are reported with standard deviants. Accuracy data were

analyzed with a two-way analysis of variance (ANOVA) with group
(athletes vs. non-athletes) as a between-subject factor and attentional
load (two, three, and four targets) as a within-subject factor. The sta-
tistical analyses were conducted in SPSS® for Windows version 22.0.

2.4.2. Functional magnetic resonance imaging
We conducted functional and anatomical data preprocessing using a

Data Processing & Analysis for Brain Imaging toolbox (DPABI version
2.3, http://rfmri.org/dpabi) (Yan et al., 2016), based on the Statistical
Parametric Mapping package (SPM8, http://www.fil.ion.ucl.ac.uk/
spm) implemented in MATLAB 8.1 (The MathWorks Inc., Natick,
MA). Preprocessing included slice-timing correction, head motion cor-
rection, segmentation of structural T1-weighted images into grey
matter, white matter, and cerebrospinal fluid, and co-registration of
mean functional images with each subject’s own T1-weighted images.
Co-registration was done using the diffeomorphic registration algo-
rithm DARTEL, which creates an average structural brain template from
all of the subjects’ T1 images (Ashburner, 2007). Images were then
normalized into standard Montreal Neurological Institute (MNI) space
(3× 3×3mm voxel size) and smoothed with a 6-mm full-width half-

maximum (FWHM) isotropic Gaussian kernel for the group analysis.
Functional runs were excluded from further analysis if translational
movements exceeded 3mm or rotational movements exceeded 3°.

Additional analyses were performed in SPM8, including first-level
(within-subject) analysis computed via an event-related approach in the
context of a general linear model. We created t-statistic maps by con-
trasting each tracking condition (two, three, or four targets) against the
passive viewing condition. Contrast images were subsequently used for
group statistics calculated as random effects analyses at the second
level. To test whether possible inter-group differences varied with at-
tentional load, we specified a SPM8 full factorial model via a 2×3
repeated measure ANOVA, with group (athletes, non-athletes) as the
between-subject factor and attentional load (two, three, four targets) as
the within-subject factor. We focused on a main effect of group to
evaluate attention effect differences between the two groups, and
whether there was a significant group× attentional load interaction.

Mean contrast values were calculated and compared across groups
and tracking conditions. The regions were defined based on the auto-
mated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002)
that parcellates the brain into 116 regions and the Brodmann areas (BA)
atlas in the DPABI toolbox. Corrections for multiple comparisons were
carried out at the cluster level. Cluster size was determined based in
Gaussian random field (GRF) theory (Worsley et al., 1996). For the
main effect of group, we considered cortical regions with a cluster
forming threshold of z> 3.09 and a cluster significance of p < .05,
GRF-corrected, to be significant. For interactions, we considered cor-
tical regions with a cluster forming threshold of z > 2.3 and a cluster
significance of p < .05, GRF-corrected, to be significant.

2.4.3. Correlation analyses
Contrast values for significant clusters were extracted from each

individual’s dataset under the three attentional conditions. We calcu-
lated Pearson correlation coefficients between behavioral (accuracy
rates for each MOT condition) and functional (Mean contrast values in
each significant cluster for each condition) measures.

3. Results

3.1. Behavioral results

Group tracking accuracies are shown as a function of target number
in Fig. 2. Overall, the subjects’ mean tracking accuracy was

Fig. 1. Schematic diagram of visual stimuli in the MOT task. Participants were instructed to fixate on a central white dot throughout the trial. During attentional
tracking conditions, 10 blue objects were presented and two, three, or four of them were highlighted red for 2 s before turning back to blue. Then all 10 objects moved
10°/second for an 8-second tracking period. When the objects stopped moving, participants indicated the number of probe items that matched the target items (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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84.75 ± 8.70% for two targets, 61.52 ± 13.24% for three targets, and
46.45 ± 15.17% for four targets. A two-way repeated-measures
ANOVA revealed a significant main effect of attentional load on accu-
racy (F2, 44= 192.57, p < .001, η2= 0.90), indicating that tracking
accuracy declined as tracking load was increased. Similarly, a sig-
nificant main effect of group on accuracy (F1, 45= 17.16, p < .001,
η2= 0.28) was revealed with a significant interaction between group
and attentional load (F2, 44= 5.76, p= .006, η2= 0.21). Post hoc
analyses revealed that accuracy scores were higher for athletes than for
non-athletes tracking three targets (athletes: 68.30 ± 12.67%; non-
athletes: 55.03 ± 10.35%; F1, 45= 15.50, p < .001, η2= 0.26) and
four targets (athletes: 53.99 ± 15.26%; non-athletes:
39.24 ± 11.25%; F1, 45= 14.31, p < .001, η2= 0.24), but not in
tracking two targets (athletes: 86.23 ± 7.69%; non-athletes:
83.33 ± 9.52%; F1, 45= 1.31, p= .258).

3.2. fMRI results

3.2.1. Group differences in attention
A 2 (group: athletes, non-athletes)× 3 (attentional load: two, three,

four) ANOVA revealed a main effect of group. As expected, between-
group analyses revealed significant differences in cortical activation
between athletes and non-athletes. The non-athlete group had greater
cortical activation than athletes in several brain areas including the left
FEF and bilateral aIPS, which are core areas of the DAN. Greater acti-
vation was seen in the athlete group than in the non-athlete group in
the medial superior frontal gyrus (mSFG), an important part of the
DMN. These areas are displayed in Table 1 and Fig. 3. The mean con-
trast values obtained for each group in each of the three tracking
conditions are shown with their standard errors in Fig. 3.

3.2.2. Group differences in attentional load
An ANOVA also revealed a significant group× attentional load in-

teraction. Voxel-by-voxel comparisons unveiled a complex activation
pattern showing that differences in tracking multiple objects between
athletes and non-athletes was modulated by the number of tracking
objects. This effect manifested in the left middle temporal gyrus (MTG),
a component of the DMN, which exhibited more differences between
athletes and non-athletes when subjects were tracking more targets
(Fig. 4; Table 1).

3.3. Correlation analysis

We found negative correlations between behavioral scores and ac-
tivity in the left FEF (r = -0.3, p = 0.042) and right aIPS (r = -0.25, p
= 0.087, trend), and positive correlations between behavioral scores
and activity in the mSFG (r = 0.32, p= 0.026) and left MTG (r = 0.36,
p=0.012) in the high attentional load condition (Fig. 5). No significant
correlations were found for the two-target or three-target conditions.

4. Discussion

The present study investigating the relationship between motor
expertise and brain activity in a perceptual-cognitive task showed that
athletes performed better in the MOT task than non-athletes. This be-
havioral difference was associated with decreased cortical activation in
the left FEF and bilateral aIPS and decreased deactivation in the mSFG
of the athlete group. Decreased deactivation in left MTG was observed
in athletes, relative to non-athletes, specifically in the high attentional
load condition.

4.1. Differences in MOT behavioral performance

The MOT task shares similarities with the dynamic attention scene
characteristic of open confrontational sports situations. It is widely
believed that skill transfer can occur if the trained and transfer tasks
engage overlapping cognitive processes and brain regions (Alves et al.,
2013; Dahlin et al., 2008; Jonides, 2004). We found that athletes per-
formed better than non-athletes when tracking three and four targets,
supporting the notion that team sports training may enhance visual
attention ability. This finding is consistent with previous studies in
which team sports players were required to track four targets in a MOT
task (Faubert, 2013; Mangine et al., 2014). The lack of a perceptual-
cognitive advantage in athletes under a low attentional load condition
suggests that the trained-athlete advantage emerges only when a task is
sufficiently difficult to challenge subjects’ cognitive resources.

4.2. Expertise-related decreased activation

Analyses of differences in cortical activation between athletes and

Fig. 2. Mean MOT task performance. Performance data were collected during
fMRI, as a function of the attentional load (number of balls tracked). Error bars
represent± 1 standard error (SE); ***p < .001.

Table 1
Brain regions with significant main effects of group and group× attentional load interactions identified by a two-way ANOVA.

Brain region BA Fmax Cluster size MNI coordinates

x y z

Attention effect differences: Athletes > Non-athletes
Left mSFG / right mSFG 32/8 21.97 46 0 36 39
Attention effect differences: Non-athletes > Athletes
Left FEF 6 18.44 33 −45 −9 54
Left aIPS 40 23.13 23 −24 −42 54
Right aIPS 7/40 19.72 26 18 −48 57
Interaction effect of Group by Attentional load
Left MTG 21 7.72 49 −48 −27 −12

Note: Regions are specified by anatomical labels and associated Brodmann area (BA), cluster size, local peak effect (F value and MNI coordinates). Multiple
comparisons were corrected with Gaussian random field (GRF) approach (for main effect of group: z> 3.09, cluster significance p < .05; for interaction effect:
z> 2.3, cluster significance p > .05). mSFG: medial superior frontal gyrus; FEF: frontal eye field; aIPS: anterior intraparietal sulcus; MTG: middle temporal gyrus.
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non-athletes showed decreased activation in athletes in the left FEF and
bilateral aIPS during the MOT task. Previous studies have highlighted
the importance of parietal and frontal cortices in attention-related
processing (Corbetta & Shulman, 2002). The FEF is responsible for
covert and overt shifts in attention (Corbetta et al., 1998; Schall, 2004)
and eye movements (Culham et al., 1998; Culham et al., 2001; Howe
et al., 2009). The aIPS processes information about target locations (Xu
& Chun, 2006) and mediates active tracking of objects, a function be-
yond simply attending to them (Howe et al., 2009). MOT performance
was shown to be impaired by inhibition of the aIPS with low-frequency
transcranial magnetic stimulation (TMS) (Battelli et al., 2009) and
improved when the aIPS was facilitated by transcranial direct current
stimulation (tDCS) (Blumberg et al., 2015). It is noteworthy that areas
exhibiting less activity in athletes than in non-athletes during MOT task
performance are core parts of the DAN, which subserves spatial atten-
tion, spatial working memory, and visuomotor behavioral functions
(Corbetta & Shulman, 2002; Ptak, 2012).

Decreased cortical activation in experts is a common finding among
studies examining training or practice (Gobel et al., 2011; Guo et al.,
2017; Kelly & Garavan, 2005; Krings et al., 2000; Milton et al., 2007;

Tomasi et al., 2004). The primary mechanism proposed to underlie
these decreases is increased neural efficiency, implying a task-specific
economization of brain function (Ludyga et al., 2016; Neubauer & Fink,
2009). It has been supposed that athletes may be able to perform
training-related tasks in a relatively automated, energy-efficient pro-
cessing mode developed through extensive training rather than in a
controlled, effortful processing mode (Callan & Naito, 2014; Neubauer
& Fink, 2009). The differences between experts and non-experts are
thus thought to reflect increased fluidity of neural processing (i.e., fa-
cilitation) in experts (Gobel et al., 2011; Percio et al., 2008). Reduced
activation in core areas of the DAN in athletes may reflect a higher
neural efficiency of attention systems. Our finding of an inverse cor-
relation of MOT task performance with brain activity in the left FEF and
right aIPS in the high attentional load condition is consistent with the
view that high neural efficiency is represented by good performance
and supports the notion that cortical activation in regions positively
associated with task performance may become more functionally effi-
cient with training (Kelly & Garavan, 2005; Percio et al., 2008).

On the other hand, inconsistent with the current study, some studies
have demonstrated functional changes in motor experts characterized

Fig. 3. Significant activation clusters of group differences in cortical activation during MOT task performance. Multiple comparisons were corrected with Gaussian
random field (GRF) approach (z>3.09, cluster significance: p < .05). Surface-rendered maps of significant group differences in cortical activation (left) and mean
BOLD signal are shown for each cluster and each group (means± SEs) (right) are shown above, and significant clusters are displayed in sagittal (x) and transverse (z)
views below. FEF: frontal eye field; aIPS: anterior intraparietal sulcus; mSFG: medial superior frontal gyrus.
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Fig. 4. Significant activation cluster of the in-
teraction effect. Multiple comparisons were
corrected with Gaussian random field (GRF)
approach (z>2.3, cluster significance: p <
.05). A surface rendered map showing the lo-
cation of the significant interaction effect is
shown above with a graph of the mean BOLD
signals (± SE) for the cluster obtained for each
group. Sagittal (x) and transverse (z) views of
the same region are shown below. MTG:
middle temporal gyrus.

Fig. 5. Relationship between behavioral and functional measures. The abscissa shows the behavioral performance in the high attentional load (four target tracking)
condition. The ordinate shows fMRI BOLD signal intensity. BOLD signal data are shown for one cluster. Significant correlations were found in the (A) left FEF, (B)
right aIPS, (C) mSFG, and (D) left MTG.

F. Qiu, et al. Biological Psychology 144 (2019) 28–36

33



by increased activation in brain areas (Calvo-Merino et al., 2005; Wei &
Luo, 2010; Wright et al., 2010). It may be that such increases reflect
augmented cortical activity in a sport-specific context, such as motor
imagery (Wei & Luo, 2010), action observation (Calvo-Merino et al.,
2005), and sport-related anticipation (Wright et al., 2010). Meanwhile,
in the present study, we assessed the relationship between basic cog-
nitive skills and athletic expertise (Alves et al., 2013). A recent meta-
analysis showed that brain areas with motor expertise-related increases
in activity were involved in action planning and action comprehension
(Yang, 2015). MOT task performance involves attentional processing,
rather than motor-related processing. It requires several attention and
mental skills, including selective, dynamic, distributed, and sustained
attention skills (Faubert, 2013).

4.3. Expertise-related decreased deactivation

In addition to requiring continual updating of spatiotemporal in-
formation about targets, the MOT task also requires inhibition of at-
tending to target-similar distractors (Dørum et al., 2016). Deactivations
may represent suppression of irrelevant information processing (Kelly &
Garavan, 2005; Kerick et al., 2004; Kerick et al., 2001; Ludyga et al.,
2015; Petersson et al., 1999). It is possible that mSFG and left MTG
deactivations reflect activity in the DMN (Fox et al., 2005; Raichle
et al., 2001) given that these areas are putative key hubs of the DMN.
Training-induced increases in automaticity may lead to decreases in the
need for attentional suppression of irrelevant information processing,
thereby decreasing the magnitude of deactivation in these areas (Kelly
& Garavan, 2005; Meshulam et al., 2017; Patel et al., 2013). Thus, the
decreased mSFG and MTG deactivations observed in our athlete group
may reflect a lesser need to suppress irrelevant information processing.

The present findings are consistent with the results of several studies
showing that practice or training can reduce cortical deactivation in
regions supporting task-irrelevant information processing (Gobel et al.,
2011; Kelly & Garavan, 2005; Mason et al., 2007; Meshulam et al.,
2017; Patel et al., 2013; Petersson et al., 1999; Simpson, Drevets et al.,
2001; Simpson, Snyder et al., 2001; Tomasi et al., 2004). For example, a
positron-emission tomography (PET) study of subjects performing
verbal tasks showed greater deactivation in the mPFC during “Novel”
trials compared to “Practiced” trials (Simpson, Drevets, et al., 2001;
Simpson, Snyder, et al., 2001). It is possible that this decreased acti-
vation after practice might reflect habituation to the environment and
experimental conditions (Tomasi et al., 2004). More recently, a prior
fMRI study showed that learned, automated processing in the rule ap-
plication phase of a behavioral paradigm was associated with greater
activation (i.e., less deactivation) in the DMN than that in controlled,
effortful processing in the rule acquisition phase (Vatansever et al.,
2017). In this context, our present finding of a positive correlation of
MOT performance with brain activity in the mSFG and left MTG in the
high attentional load condition suggests that the observed greater de-
activation in these regions in non-athletes may be related to their need
to exert more effortful focused attention to the task. The decreased
deactivation in core DMN areas in athletes may account for an im-
proved ability to suppress irrelevant information processing, thereby
enabling better performance on the MOT task.

4.4. Attentional load-modulated deactivation

Our finding of a significant group× attentional load interaction
indicated that increasing attentional load leads to greater deactivation
in the left MTG in non-athletes than in athletes. As discussed above, if
decreased deactivation reflects an improved ability to suppress irrele-
vant information processing, then greater deactivation may indicate a
need to devote more energy to the task. Hence, with increasing atten-
tional load, greater deactivation in the left MTG in non-athletes may
reflect a greater need for focused attention towards more difficult task.

Consistent findings have indicated that skilled marksmen exhibit

greater alpha power (8–13 Hz) in the left temporal region while pre-
paring to shoot that is suggestive of a reduction in self-talk or con-
strained analytical thinking during superior performance (Haufler
et al., 2000; Janelle et al., 2000; Kerick et al., 2004; Kerick et al., 2001).
Based on these findings, one would have expected athletes to have
lesser left temporal activation than non-athletes, which is inconsistent
with the present findings. This inconsistency may be due to different
functions of brain areas across different tasks. The left temporal area,
known for its involvement in verbal-analytic and semantic processing
(Vandenberghe et al., 1996), is involved in explicit monitoring of task
requirements and associated covert verbalizations or instructional self-
talk (Gibson & Foster, 2007). Dependency on self-talk is thought to
reflect early-stage skill development, before the automaticity associated
with expert performance has developed. Thus, lesser left temporal ac-
tivation in experts, relative to non-experts, during the performance of
motor-related tasks as well as following skill acquisition is consistent
with moving beyond a dependency on self-talk as skill proficiency
reaches the automaticity associated with expert performance.

During MOT task performance, areas associated with attention are
activated and areas associated with irrelevant cognitive processes (e.g.
verbal-analytical processing) are suppressed, resulting in less inter-
ference with essential attentional process (Hatfield & Kerick, 2007).
Although athletes showed greater left MTG activation than non-athletes
in the present study, both groups showed deactivation suggestive of left
MTG suppression during tracking. Inhibition of task-irrelevant pro-
cesses may reduce interference in task-relevant processing (Kelly &
Garavan, 2005; Kerick et al., 2004; Kerick et al., 2001; Ludyga et al.,
2015; Petersson et al., 1999). Greater deactivation in non-athletes
suggests they exert more effort to suppress task-irrelevant processing,
while lesser MTG deactivation in athletes may account for an improved
ability to suppress irrelevant information processing, thereby enabling
better MOT task performance.

4.5. Bidirectional reduction in neural efficiency

The neural efficiency hypothesis postulates that expertise is char-
acterized by more efficient cortical function such that better cognitive
performance is associated with less energy consumption (Neubauer &
Fink, 2009; Percio et al., 2008). The present findings of MOT perfor-
mance correlating negatively with left FEF and right aIPS activation,
while correlating positively with mSFG and left MTG activation during
high attentional load trials may reflect more efficient brain use during
better task performance. These findings are consistent with the notion
that neural efficiency may be represented by a bidirectional reduction
encompassing reduced activation in regions supporting task execution
as well as reduced deactivation in regions associated with irrelevant
information processing.

4.6. Transfer to motor performance domain

Given that a perceptual-cognitive task was used in this study rather
than a motor task, it is of interest to explore how neural efficiency in the
cognitive domain may transfer to the motor performance domain. One
possibility is that there may be psychomotor efficiency (Deeny et al.,
2003; Hatfield & Kerick, 2007) such that neural efficiency in the cog-
nitive domain reduces nonessential connectivity between essential
motor and non-motor processes. That is, neural efficiency of cognitive
processes may reduce neuromotor noise, thereby allowing intended
motor actions to proceed without interference from non-essential
neural activity affecting the motor planning region (van Gemmert et al.,
1997). The reduction of such interference would prevent unintended
movements that could be disruptive of the kinematic qualities of one’s
envisioned actions, thereby enabling efficient fluid movement.
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4.7. Strengths and limitations

This study contributes to our understanding of the neural correlates
underlying the transfer of enhanced abilities across domains. This work
is the first study to propose that neural efficiency may be represented by
bidirectional alterations encompassing activation of task-relevant brain
regions in conjunction with deactivation of other regions to suppress
distraction.

This study had two noteworthy limitations. First, we did not con-
duct objective assessments of the participants’ basketball abilities
(Mangine et al., 2014; Romeas et al., 2016). However, other researchers
have reported that laboratory MOT-task training improved athletic
performance (Junyent et al., 2015; Romeas et al., 2016). In addition,
MOT task performance has been reported to be related to a basketball
player’s ability to observe and respond appropriately to various si-
multaneous stimuli (Mangine et al., 2014), which suggests that en-
hanced tracking capability is a discerning measure for evaluating ath-
letic performance. In light of previously reported psychomotor
efficiency studies (Deeny et al., 2003; Hatfield & Kerick, 2007), the
current results suggest that neural efficiency in the cognitive domain
may reduce interference from non-essential neural activity to ensure
the kinematic qualities of intended motor actions. Secondly, although
our results were interpreted in terms of networks (DAN and DMN), no
measurements of network properties were undertaken. Independent
component analysis studies examining whether there are expertise-re-
lated alterations in correlations between DAN and DMN components
during attentional processing should be conducted to test the validity of
these interpretations.
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