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Abstract

The present study was designed to investigate the brain functional architecture that subserves visuo-spatial and
motor processing in highly skilled individuals. By using functional magnetic resonance imaging (fMRI), we measured
brain activity while eleven Formula racing-car drivers and eleven ‘naive’ volunteers performed a motor reaction and a
visuo-spatial task. Tasks were set at a relatively low level of difficulty such to ensure a similar performance in the two
groups and thus avoid any potential confounding effects on brain activity due to discrepancies in task execution. The
brain functional organization was analyzed in terms of regional brain response, inter-regional interactions and blood
oxygen level dependent (BOLD) signal variability. While performance levels were equal in the two groups, as
compared to naive drivers, professional drivers showed a smaller volume recruitment of task-related regions,
stronger connections among task-related areas, and an increased information integration as reflected by a higher
signal temporal variability. In conclusion, our results demonstrate that, as compared to naive subjects, the brain
functional architecture sustaining visuo-motor processing in professional racing-car drivers, trained to perform at the
highest levels under extremely demanding conditions, undergoes both ‘quantitative’ and ‘qualitative’ modifications
that are evident even when the brain is engaged in relatively simple, non-demanding tasks. These results provide
novel evidence in favor of an increased ‘neural efficiency’ in the brain of highly skilled individuals.

Citation: Bernardi G, Ricciardi E, Sani L, Gaglianese A, Papasogli A, et al. (2013) How Skill Expertise Shapes the Brain Functional Architecture: An fMRI
Study of Visuo-Spatial and Motor Processing in Professional Racing-Car and Naive Drivers. PLoS ONE 8(10): e77764. doi:10.1371/journal.pone.0077764

Editor: Luigi Cattaneo, Universita di Trento, Italy
Received July 9, 2013; Accepted September 3, 2013; Published October 18, 2013

Copyright: © 2013 Bernardi et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported in part by a grant from the Fondazione Cassa di Risparmio di Lucca (Lucca, Italy). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript. No additional external funding was received for this study.

Competing interests: The authors have read the journal's policy and have the following conflicts: Formula Medicine is a profit organization that provides
training-facilities and medical assistance for professional drivers. RC and AP were paid employees of Formula Medicine at the time of data acquisition, and
were directly involved in car racers recruitment and preliminary screening. No financial funding was received from Formula Medicine for this study. This
does not alter the authors' adherence to all the PLOS ONE policies on sharing data and materials.

* E-mail: pietro.pietrini@med.unipi.it

Introduction giving rise to distinct patterns of cortical

functional

Selected populations of individuals achieve very high levels
of skills and performance in fields ranging from arts to sport
activities as a consequence of intensive training and, probably,
of some genetic predisposition [1]. Brain functional studies
have begun to indicate that skill acquisition in different
perceptual, motor or cognitive domains may be associated with
response modifications, either in extension or magnitude, in
task-associated brain areas [2-4]. Specifically, these
modifications include both increased or decreased response in
task-related regions, which may also be differentially combined,
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reorganization [3]. The expansion of sensory and/or motor
topographic representations, such as in the prototypical cases
of the auditory and motor cortex of musicians, are well-known
examples of practice-related increased responses [5,6]. On the
other hand, a reduction in neural response has been observed
both in longitudinal studies investigating the effects of cognitive
or motor learning [7,8] and in experiments comparing novices
and distinct categories of experts and skilled individuals, such
as golf players or archers [9-16]. While a decrease in brain
response can be interpreted as a sign of enhanced efficiency in
regional resource utilization, a number of studies also reported
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a reallocation of neuronal resources based on both a
decreased response in cognitive control areas and an
enhanced activity in other brain regions (reviewed in 2,4). For
instance, an increased activity within the so called ‘default
mode network’ regions [17] has been shown [4]. As the default
mode network represents a system of interconnect brain areas
that are more active during ‘internal’ rather that ‘external’ tasks
(e.g., mind-wandering, memories recollection or envisioning of
the future [18,19]), these findings suggest that neural efficiency
may be associated with a greater automaticity and a reduced
attentive load during task execution [4].

Moreover, functional and effective connectivity analyses
revealed that these functional changes in brain response may
be accompanied also by modifications in the way task-related
regions interact, usually with a strengthening of the essential
couplings and a pruning of the ‘unnecessary’ ones [20-26].

Altogether, these observations support the so called ‘neural
efficiency’ hypothesis, which postulates a more efficient cortical
functioning based on both a reduced utilization of resources
and an improvement in information processing, thanks to a
better communication between task-related brain areas, in
expert/skilled as compared to ‘ordinary’ individuals [15,27-29].
Interestingly, studies exploring age-related functional changes
during distinct perceptual and cognitive tasks revealed
complementary findings, demonstrating that healthy older
individuals often recruit a greater volume of brain cortical areas
[30-32] and show a reorganization of associated functional
networks [33,34], as compared to younger adults. These
modifications are commonly interpreted as an attempt of the
brain to compensate for an age-related impairment in neural
efficiency [35,36]. Furthermore, older individuals are
characterized by a reduction in blood oxygen level-dependent
(BOLD) signal temporal variability [37], a measure regarded as
a marker of complexity of information integration and functional
efficiency [37-40].

While we begin to know the functional changes that
accompany practice in specific tasks, to our knowledge no
study has explored yet the brain functional correlates
associated with exposure to extreme training and competing
conditions, like those involved in high speed car-racing. As a
matter of fact, this sport discipline exposes to some of the most
demanding conditions one can imagine the human brain to
endure, requiring exceptional skills in terms of visuo-spatial
processing, motor control, decision making and sustained
attention. Top-level Formula racing-car drivers ordinarily
undergo intensive psychophysical training and are exposed to
extreme competitive conditions (e.g., accelerations 0-100 km/h
in 1.7 s, top speeds up to 360 km/h, need for high
concentration levels and precise sensory-motor control, etc.),
which unquestionably represent a huge effort for both their
body and brain. In addition, most of them have a history of
‘high-speed activities’ (e.g., go-kart or motor racing) since a
very young age, when brain plasticity is at its maximum [41].

Thus, the present study was designed to assess the brain
functional correlates associated with visuo-spatial and motor
processing in a group of elite Formula racing-car drivers.
Specifically, we hypothesized that visuo-spatial and motor
processing in these highly skilled individuals would be

PLOS ONE | www.plosone.org

Increased Neural Efficiency in Skilled Drivers

associated with a significantly more efficient use of brain
resources in comparison with a matched group of untrained
‘naive’ drivers. To test this hypothesis, functional Magnetic
Resonance Imaging (fMRI) was used to measure brain activity
while professional and naive drivers performed a motor
reaction task and a multiple target pursuit (visuo-spatial) task.
These tasks required relatively simple perceptual and motor
skills in order to avoid any performance differences between
the two groups and consequent biases on neural response
[42]. To evaluate potential differences in brain functional
efficiency between the two groups, we measured both cortical
regional brain response and patterns of inter-regional
interactions, as well as regional levels of BOLD signal temporal
variability.

Material and Methods

Subjects

Eleven professional (mean age + S.D. = 24 + 4 years) and
11 naive (28 t 4 years, p= n.s.) car drivers were studied. All
subjects were right-handed healthy males. Professional car
drivers were recruited through the Formula Medicine® group
(Viareggio, Italy), were actively participating in a professional
Formula racing tournament (as Formula One Championship,
World Series, Formula 3, etc.) at the time of the study, and had
a minimum of four years of expertise in amateur and/or
professional racing. All participants received medical,
neurological and psychiatric examinations, and laboratory
exams, including blood tests and a structural brain MRI scan
exam, to rule out history or presence of any disorder that could
affect brain function and development. No participant was
taking any medication.

Ethics Statement

All volunteers gave their written informed consent after the
study procedures and risks involved had been explained. The
study was conducted under a protocol approved by the
University of Pisa Ethical Committee (protocol n. 1616/2003),
and was developed in accordance with the Protocol of Helsinki
(2008). All participants retained the right to withdraw from the
study at any moment.

Image Acquisition

Functional data were acquired on a GE Signa 1.5 Tesla
scanner (General Electric, Milwaukee, WI) using following
parameters: repetition time = 2,500 ms, 21 axial-slices, slice
thickness = 5 mm, field of view = 24 cm, echo time = 40 ms, flip
angle = 90°, image plane resolution = 128 x 128. Subjects were
presented with a six run block design study including randomly-
alternated motor reaction and visuo-spatial tasks. Every run
was constituted by three task blocks (each 60 s duration)
alternated with two inter-task intervals (ITl, each 25 s duration).
Each time series began and ended with 25 s of no stimuli,
similarly to the ITl. For each subject, we obtained 2-3 time
series of 112 brain volumes (280 s) for the motor reaction task
and 3 time series for the visuo-spatial task. Visual stimuli were
presented on a rear projection screen viewed through a mirror
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Figure 1. Experimental paradigm. Every run was constituted
by three task blocks (each 60 s duration) alternated with two
inter-task intervals (ITl, each 25 s duration). During the Motor
Reaction task (a), subjects had to press a button as quick as
possible when the red light turned green (random delay
comprised between 2 and 4 s). During the Visuo-spatial task
(b) volunteers were required to press a button when one of the
moving balls entered the color-matched circle.

doi: 10.1371/journal.pone.0077764.g001

(visual field: 25° wide and 20° high). Before the fMRI scanning,
subjects assisted to a demonstrative session to become
familiar with the task procedure. To enhance compliance and
participation in the tasks, the experiment was presented as a
competition, in which recorded performances would be used to
measure individual abilities and to establish a ranking.

For each subject we also obtained a high-resolution T,-
weighted spoiled gradient recall image (134 slices, slice
thickness = 1 mm, echo time = 3.8 ms, repetition time = 20 ms,
flip angle = 15°, field of view = 22 cm) to provide detailed brain
anatomy for functional data localization.

Motor Reaction Task

During the motor reaction task, the visual stimulus
reproduced a starting grid light on a gray background, and was
constituted by five red circles arranged horizontally that turned
to green after a random delay comprised between 2 and 4 s
(Figure 1a). This condition was repeated ten times for each
task-block (total block duration of 60 s; 24 brain volumes per
block). Participants were asked to fixate a white static central
cross (0.15° x 0.15°) and to use their right thumb to press a
response button held in their right hand as rapidly as possible
when the starting grid color turned to green. Reaction times,
defined as the time from the stimulus onset to the key-button
response, were automatically recorded. The intervals between
the blocks presented a 25 s static image with the white fixation
cross on the gray background. We collected 2-3 time series for
each subject of the two experimental groups, with the
exception of a professional driver that was excluded for
technical problems during image acquisition (thus data were
acquired in 11 naive and 10 professional car drivers). Stimulus
presentation was handled by using the software package
Presentation (http://www.neurobehavioralsystems.com).
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Visuo-Spatial Task

During this visuo-spatial task, subjects were asked to
observe a left-sided red and a right-sided blue circle inside a
white ‘billiard table-like’ frame, arranged horizontally on a black
background (Figure 1b). Two red and two blue balls moved
randomly within the ‘billiard’, and participants had to press a
left-hand or a right-hand held button when a ball run inside the
color-matched circle. A vertically moving small green ‘barrier
was also present in the center of the frame to interfere with the
movement of the colored balls. All subjects responded using
their left thumb for the red circle/target and their right thumb for
the blue circle/target. For each subject, correct, wrong and
missed answers were automatically recorded. As in the motor
reaction task, in each run, three 60 s long task-blocks were
separated by 25 s of static billiard frame. Stimulus presentation
was handled by using the software Formula Test 2003
(Maxisoft®, Massa, Italy).

Behavioural Data Analysis

Behavioural data analyses were carried out using StatView
software 5.0 (SAS Institute Inc.). In the visuo-spatial task, error
rates, defined as percent of errors on the total given responses,
were taken as an estimation of individual task accuracy.
Reaction times collected during the motor reaction task and
error rates relative to the visuo-spatial task were used in
unpaired two-tailed f-tests to search for differences in
performance between the two experimental groups.

Functional Images Analysis

We used AFNI and SUMA software packages to preprocess,
analyze and view functional imaging data (http:/
afni.nimh.nih.gov/afni; [43]). For the two tasks, all volumes
obtained in the respective runs were concatenated and
coregistered (3dvolreg), temporally aligned (3dTshift), and
spatially smoothed (FWHM = 6 mm). Individual run data were
normalized by calculating the mean intensity value for each
voxel during resting baseline timepoints, and by dividing the
value within each voxel by this averaged baseline to estimate
the percent signal change at each time point.

Multiple  regression analyses were performed to
independently identify brain regions significantly involved in the
motor reaction and visuo-spatial task (3dDeconvolve), by
modeling each type of condition with a separate regressor,
obtained by convolution of the task with a standard
hemodynamic response model. The six movement parameters
derived from the volume registration and the polynomial
regressors accounting for baseline shifts and linear/quadratic
drifts in each scan series were included in the multiple
regression analysis as regressors of no interest.

Individual unthresholded responses for each of the stimuli of
interest were transformed into the Talairach and Tournoux
Atlas [44] coordinate system, and resampled into 1 mm? voxels
for group analyses. Activations were anatomically localized on
the naive and professional group-averaged Talairach-
transformed T1-weighted images, and visualized using
normalized SUMA surface templates.

We used a mixed-effect meta-analysis approach (3dMEMA)
for group analysis by using the unthresholded-weights of each

October 2013 | Volume 8 | Issue 10 | e77764



condition of interest to construct T contrasts and identify both
significant pattern of neural response during each task
(equivalent to one-sample group t-tests) and significant
differences between the two groups (equivalent to a two-tailed
unpaired t-tests). The MEMA approach assigns the weight of
each subject contribution in the final result based on the
precision of the B estimation from each subject, so determining
a gain in statistical power for the group effect of interest at most
regions, and less spurious isolated voxels in the final results
[45]. This method has been demonstrated to be more robust
against outliers and more reliable in experiments with a
relatively small number of subjects when compared to
conventional group analysis approaches [45].

The correction of both the one sample group t-maps and the
unpaired t-contrasts for multiple comparisons across whole
brain was made using Monte-Carlo simulations run via
AlphaSim in AFNI with a voxelwise threshold p < 0.005 that
resulted in a minimum cluster volume of 561 mm?3 (cluster
connection radius 1.73 mm) for a corrected p value < 0.05 at a
cluster level.

Multivariate Autoregressive Analysis

We computed a connectivity analysis based on a multivariate
autoregressive model [46-49] to investigate task-related brain
networks and identify potential differences between the naive
and professional driver groups. This analysis was carried out
using the 7dGC program included in the AFNI package [49,50].
For each of the two tasks, we identified a set of ‘core’ regions
of interest (ROIs) consistently activated in both naive and
professional drivers, using the following procedure: (i) group
functional results were thresholded using a conservative
statistical threshold (uncorrected voxel-wise p < 10, minimum
cluster size of 100 mm?®) and used to compute a conjunction
activation map (logical AND); (ii) an across-group activation
index was computed within the identified ‘common regions’ by
averaging the coefficients of the two groups on a voxel by voxel
basis; (iii) the ‘maxima’ function available in AFNI was used to
draw 5 mm radius spheres centered on the more robust
across-group activation peaks separated by at least 40 mm
(this value was chosen arbitrarily to obtain a number of ROIs
comprised between 5 and 15). For each subject and ROI,
concatenated task-related BOLD timeseries were extracted
and used to compute connectivity networks at a single subject
level. Applied preprocessing steps included slice timing
correction, spatial smoothing for noise reduction, and signal
normalization for each segment. The covariates used as input
for the model included the six movement parameters, a
polynomial function modeling the BOLD drifting effect and the
gray-matter signal. A lag order of one TR was chosen,
according to the Schwarz information criterion for model
selection. Finally, obtained path coefficients (indicative of both
strength and direction of the temporal relation between ROls)
and corresponding t-statistics were used in a linear mixed-
effect multilevel model to compute a group comparison for
each task (p < 0.05).
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BOLD Variability Analysis

The mean squared successive difference (MSSD) [51,52]
has been adopted as a measure of temporal variability of the
BOLD response. The MSSD is based on differences between
successive observations and, for this reason, is more
appropriate than the Standard Deviation (SD - based on the
difference between single observations and the overall mean)
to evaluate temporal variability in experiments with different
task conditions [52].

Data preprocessing included slice timing and motion
correction, spatial normalization and smoothing with a 6 mm
Gaussian kernel. In addition, voxel time series were further
adjusted by regressing out motion correction parameters, a
polynomial function modeling the BOLD drifting effect and
white matter (WM) and cerebrospinal fluid (CSF) timeseries
[37]. WM and CSF time courses were extracted from two small
(1 voxel radius) ROlIs respectively located in corpus callosum
and ventricles of the ‘common template’ obtained by merging
spatially normalized anatomical images of all subjects. To
optimize MSSD computation on our system, preprocessed
functional data were resampled to obtain 3 mm? voxels. For
each individual run, MSSD was computed over the entire
preprocessed activation time course using a custom built
function in MATLAB (The MathWorks, Inc.).

For each subject, obtained MSSD values were averaged
across different runs of the same task and an unpaired t-test
was used to look for any potential differences between
professional and naive drivers (significance threshold was set
at corrected p < 0.05, obtained with a voxelwise threshold of p
= 0.05 and a minimum cluster volume of 158 voxels).

Results

Behavioral Results

Professional and naive car drivers showed no significant
differences in performance neither in the motor reaction task
(mean reaction time equals to 190.0 £ 28.6 ms and 190.1
32.7 ms, respectively; T, 14 = -0.08; p = n.s.; Figure 2a), nor in
the visuo-spatial task (mean error rates were 18.8% * 9.2 and
21.2% * 8.2, respectively; T, 45 = 0.70; p = n.s.; Figure 2b), as
attended given the experimental task design.

Task related functional brain responses

During the motor reaction task, both naive and professional
drivers recruited a network of bilateral cerebral regions,
including middle and inferior frontal cortex, insula, striatum,
cerebellum, cingulate, sensorimotor, temporo-occipital and
parietal cortex (Figure 3a). In a mixed-effect analysis, as
compared to professional drivers, naive controls showed a
significantly (p < 0.05, whole brain corrected) stronger
response in right postcentral cortex, left precentral area, left
precuneus, left inferior and superior parietal lobules (Figure
3b).

During the visuo-spatial task, both groups engaged a
network of bilateral regions, including middle and inferior frontal
cortex, insula, striatum, cerebellum, cingulate, sensorimotor,
temporo-occipital and parietal cortex (Figure 3a). Moreover, as
compared to professional drivers, naive subjects showed a
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Figure 2. Behavioural results. Behavioural performance of
professional (red) and naive (blue) drivers during the motor
reaction task (a) and the visuo-spatial task (b). Average
reaction time and mean error rate (+ SE) are shown in the
graphs. No significant differences between the two groups
have been observed.

doi: 10.1371/journal.pone.0077764.9g002

significantly (p < 0.05, whole brain corrected) greater and more
extensive response in supplementary motor area (SMA), left
middle frontal and precentral cortex, bilateral inferior parietal
lobule, right superior parietal, and postcentral cortex,
cerebellum, and bilateral striatum (Figure 3b). Additionally,
naive drivers showed a significantly greater reduction of BOLD
response in the right temporopolar area as compared to
professional car drivers.

The Talairach coordinates for the regions that showed a
significantly different activation between the two groups during
the motor reaction and visuo-spatial task are listed in Table S1.

Brain functional networks

A multivariate autoregressive analysis was used to search
for differences between task-related networks in professional
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Figure 3. Brain activation results. (a) Brain activations in
left (top) and right (bottom) hemispheres of professional (blue/
yellow scale) and naive (gray shadow) drivers during motor
reaction (1st column) and visuo-spatial (2nd column) tasks
computed at whole brain corrected p < 0.05. (b) Left (top) and
right (bottom) hemispheres activation contrast maps for the two
tasks, where blue color corresponds to regions significantly
more activated in naive as compared to professional drivers,
while red color corresponds to regions significantly more
activated in the professional drivers group (p < 0.05, whole
brain corrected).

doi: 10.1371/journal.pone.0077764.g003

and naive car drivers. Specifically, we identified two sets of
‘core’ regions of interest (ROIs) on across-group activation
peaks: SMA, bilateral insula, bilateral inferior occipital cortex
and cerebellum, for the motor reaction task; bilateral dorsal
premotor cortex (dPM), bilateral human middle temporal cortex
(hMT), right precuneus, left insula, cerebellum and thalamus for
the visuo-spatial task. The Talairach coordinates of included
ROls are listed in Table S2.

During both tasks, the connectivity analysis demonstrated
numerous stronger (p < 0.05) connections in professional
drivers brain networks as compared to naive drivers (Figure 4).
Specifically, during the motor reaction task, activity in SMA
predicted subsequent activation in bilateral insula, and activity
in right insula predicted activation in right inferior occipital
cortex to a significantly greater extent in professional drivers
than in the control group (Figure 4a). Similarly, during the
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Figure 4. Connectivity Group Comparisons. Statistical map
of between group comparisons derived from path coefficients
and t-statistics obtained using multivariate autoregressive
analysis (MAR) during (a) the motor reaction and (b) the visuo-
spatial task. Red and blue arrows respectively indicate
significantly greater positive and negative influence on target
regions for which a within group effect was also present (p <
0.05). Here are shown connections that were significantly
stronger in professional as compared to naive drivers (we
observed no stronger connections in this latter group).

doi: 10.1371/journal.pone.0077764.9g004

visuo-spatial task, professional drivers showed stronger
correlations between right hMT+ and left hMT+, right h(MT+ and
left dPM, left superior parietal cortex and left hMT+, and
between right dPM and right hMT+. Moreover, we observed
significantly stronger negative correlations between the right
precuneus and the right dPM the thalamus and the cerebellum,
in professional as compared to naive drivers (Figure 4b).

The group mean path coefficients observed during the motor
reaction and the visuo-spatial task are listed in Table S3 and
S4, respectively.

BOLD signal temporal variability

During both the motor reaction and the visuo-spatial tasks,
professional, as compared to naive, drivers showed a
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a. Motor Reaction Task

b. Visuospatial Task

Figure 5. MSSD Group Comparisons. MSSD contrast maps
for motor reaction (a) and visuo-spatial (b) task. Yellow/red
regions indicate significantly (p < 0.05, whole brain corrected)
greater BOLD variability in professional as compared to naive
drivers. No regions showed significantly greater MSSD in naive
drivers.

doi: 10.1371/journal.pone.0077764.g005

significantly higher BOLD signal temporal variability (p < 0.05,
whole brain corrected) in distinct cortical regions, while no area
showed any increased MSSD in the naive drivers (Figure 5).
Specifically, in both tasks, professional drivers showed a
greater variability in medial visual areas and posterior cingulate
cortex. In addition, in the visuo-spatial task, professional drivers
showed differences also in areas including cingulate cortex,
bilateral medial and middle frontal areas, right insula and
bilateral occipital cortex.

Discussion

The present study was designed to investigate the brain
functional organization in a sample of top-level professional
racing-car drivers, whose brain is required to process visuo-
spatial and motor information at a degree that is far beyond the
highest level that may arise under physiological situations. In
fact, these athletes race at very high speed, have to sustain
high concentration levels for extended periods of time, and
must rely on fast and accurate visuo-spatial processing and
motor response. Therefore, we used fMRI to measure brain
functional responses in professional and naive drivers while
they performed simple motor reaction and visuo-spatial tasks.
Specifically, we questioned how such high-level skills would
affect the brain functional response associated with the
execution of ‘everyday’ tasks that did not require any specific
training or expertise. To this purpose, the experimental tasks
were designed to require basic motor and visuo-spatial abilities
available to everyone, in order to avoid any potential effect due
to a different performance level between the two groups [42].
Indeed, a significantly different level of performance during
more complex tasks would indicate the inability of the lesser
skilled subjects to correctly perform the proposed assignment,
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and therefore would bias any comparison of the neural activity
patterns between the two groups. Behavioral results showed
that, as expected and desired, performance did not differ on
either task between professional and naive drivers.

Reduced activation in task-related cortical areas in
skilled drivers

During the motor reaction and the visuo-spatial tasks, both
naive and professional drivers recruited similar distributed
networks of bilateral cortical regions, which included areas
devoted to visuo-spatial processing (occipital, posterior
temporal and parietal cortex), motor control (motor and
premotor areas, striatum and cerebellum), and executive
functions (middle and inferior frontal cortex). Interestingly, while
the observed activation patterns showed a clear spatial overlap
across the two groups, in both tasks, professional drivers
recruited task-related brain areas, including sensorimotor,
parietal, and prefrontal regions, to a significantly smaller extent
as compared to naive subjects. These findings are in
agreement with results obtained in other skilled groups,
including musicians [53-57], golf players [9,10,12] and pistol
shooters [13,58], and indicate an increased efficiency in
attentional and sensory information processing along with a
reduced ‘resource consumption’ [27,28,59]. However,
increased activations in experts as compared to ordinary
individuals also has been reported [60-63], and a number of
factors have been claimed to play a role in determining these
divergent results, including task complexity and specific
cognitive task requirements [29,64]. For instance, the greater
cortical recruitment during motor imagery or observation of
sport-related activities in divers [62] and archers [60], as
compared to non-athletes, may be explained by the different
confidence of the two groups with the involved motor acts. In
fact, it is now clear that a specific motor expertise is required to
obtain an actual motor representation in the human brain
[65-67]. On the other hand the increased cortical activation in
the archers group during a visuo-spatial working memory task
[61] could be explained by the fact that this task did not directly
reflect the specific skill domain of these athletes [3].

Increased regional correlations during visuo-motor
processing

Measures of connectivity were used to investigate whether
the described differences in the brain functional response were
accompanied by modifications in the way task-related regions
intercommunicate. During both the motor reaction and the
visuo-spatial task, professional as compared to naive drivers
were characterized by a reinforced connectivity between a
number of task-related areas. In particular, during the motor
reaction task professional drivers revealed an increased
correlation between SMA and bilateral insula, two regions that
play a key role in response inhibition and preparation of motor
acts [68,69]. Similarly, during the visuo-spatial task,
professional drivers showed stronger correlations between a
motion detection devoted area, that is, the human MT complex
[70], and parietal and premotor cortical regions, suggesting an
enhanced information flow during visuo-spatial processing.
These results are consistent with previous experiments
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indicating that superior skills or expertise acquisition are
associated with strengthened functional correlations between
brain areas involved in sensory processing and motor control
[20,21,26,58,71,72]. While also opposite or mixed evidence
have been reported, for instance in studies on the functional
correlates of cognitive efficiency in working memory [25], a
commonly accepted explanation for these results is that a
greater neural efficiency may be associated with a
reinforcement of the essential task-related connections and a
pruning of the superfluous ones [29,73]. As a matter of fact,
regions that are not activated during task execution in the
skilled group have a lower probability to show a high degree of
interaction (and thus, of connectivity measures) with other brain
areas. Given these premises, to avoid any potential circularity,
here we focused only on brain regions that were strongly
activated in both groups during each task.

Our connectivity results are consistent with the reduced
regional activation described above, and altogether indicate
that skills and expertise in these professional drivers are
accompanied by relevant brain functional modifications.
Importantly, such a distinct brain functional organization
emerges even during relatively simple visuo-motor tasks that
do not require any specific expertise.

BOLD signal variability as a marker of neural efficiency

A greater temporal variability of BOLD signal, as measured
by using the MSSD statistic, was observed in professional as
compared to naive drivers during both the motor reaction and
the visuo-spatial tasks. Recently, BOLD signal variability has
been proposed as a novel potential index of ‘brain age’ and
‘operative efficiency’. In fact, younger, better performers exhibit
significantly higher signal variability in a number of brain
cortical areas when compared to older, poorer-performing
individuals [37,38]. Therefore, an increase in temporal
variability may indicate a more sophisticated neural system,
capable to better adapt to rapid changes in environmental
demands, with a more efficient use of cognitive resources
[74,75]. Interestingly, the pattern of MSSD differences
observed in the present study is similar to the one described in
the comparison between young and older individuals [38].
Therefore, our results indicate that brain signal variability may
represent a useful and reliable index not only to distinguish
different age groups but, from a broader perspective, to
individuate more general differences in the quality of brain
operative functioning [39,40,76].

The present findings complement the information obtained
from the comparison of functional brain activity between young
and older adults, as well as from the comparison of healthy and
cognitively impaired older individuals [35,36,77,78]. In fact,
here we explored the ‘opposite direction’ of the spectrum, as
we compared ‘common’ and ‘super-skilled’ young adults. In this
respect, the brain functional correlates observed in the highly
skilled individuals seem to mirror the changes associated with
aging. Indeed, as the brain of younger individuals is
characterized by a greater neural efficiency as compared to
older individuals, the brain of elite athletes, such as
professional racing-car drivers, may be considered someway
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‘younger’ (thus, more efficient) than the one of age-matched
non-athletes.

Neural efficiency and driving behavior

Although the two tasks adopted in the present study did not
comprise any direct performance of (simulated) driving, they
required basilar motor and visuo-spatial abilities that are
fundamental functions for driving behavior. Indeed, while
driving, individuals have to visually monitor the environment
around them to identify potential imminent or forthcoming
dangers, and have to put in place prompt and accurate motor
responses [79]. Consistently, recent functional studies
demonstrated that driving a car requires the recruitment of
brain regions previously associated with functions such as
attention, motor control, visuo-spatial perception and decision
making, including striate and extrastriate cortex, superior and
inferior parietal lobules, lateral prefrontal cortex and sensori-
motor areas [79-82]. As a matter of fact, most of these areas
were also recruited during the two tasks adopted in the present

study, suggesting the possibility of shared anatomical,
functional and cognitive substrates with driving-related
activities. Although to our knowledge no studies yet

investigated the functional differences between every-day
driving and high-speed competitive car-racing, this latter
condition is unquestionably more demanding for the human
brain, mostly due to the extremely high speeds and the
consequent need for a sustained high level of attention and a
very efficient visuo-motor processing. Specifically, these highly
demanding driving conditions, and the associated mental and
physical training activities, may have contributed to the
development of the distinctive functional organization observed
in the present work in professional car racers during simple
motor and visuo-spatial tasks.

Finally, it is worth noting that the concept of neural efficiency,
as it is emerging from the existent literature and the present
work, may have relevant practical implications for many human
activities, including every-day driving. In fact, one can
speculate that neural efficiency could favor an increased
resistance to cognitive fatigue during long tasks because of a
reduced resource consumption (e.g., [83]). In particular, driving
is a complex task in which errors can easily emerge at different
levels, especially when the speed is high and/or a decrease in
attention level is favored by a long and monotonous driving
route [82,84]. In this perspective, future studies should
investigate a potential relationship between neural efficiency,
time-on-task and performance, and the potential benefice of
training programs aimed at improving neural efficiency,
especially for individuals exposed to longer driving times, such
as bus or track drivers.

Limitations of the study

The number of subjects in this study may appear to be
relatively limited in light of the current standards of many fMRI
experiments [85]. Nonetheless, it is important to keep in mind
the exceptionality of the athletes sample, as the number of
professional racing-car drivers with top level careers in Formula
One, or similar racing categories (e.g., World Series, Formula
3), is very limited to begin with. Moreover, we obtained
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consistently significant findings across two independent tasks
and three different analysis approaches, thus indicating that the
functional changes were statistically robust despite the
relatively low number of participants.

The interpretation of results obtained using connectivity
analysis based on the measure of time-lagged influence in
fMRI also ought to be considered with caution, due to intrinsic
technical and physiological limitations of the method (e.g.,
[86]). Specifically, individual regional variability and the
sluggishness of hemodynamic response measured by fMRI
may represent potential confounding factors. Although we
cannot completely exclude these issues in our case, the fact
that we obtained consistent results evaluating different
networks recruited during two unrelated visuo-motor tasks,
strongly support our interpretation. Moreover, we carried out
group comparisons using an approach based on a linear
mixed-effect meta-analysis [45,49], which allowed us to use
individual information about both effect size and variance, thus
accounting for across and within subject variability. Finally, our
findings also are supported by previous functional studies
indicating that the increased neural efficiency associated with
practice and expertise usually is expressed by a reduced brain
response extension and a network reorganization, with
strengthened connectivity measures between key regions
involved in a defined task [3].

Conclusions

To our knowledge, the present study is the first to provide an
integrated and consistent analysis of three indices of brain
functional activity associated with intensive training and
exposure to extreme conditions in a unique sample of highly
skilled athletes, namely professional Formula racing-car
drivers. Using two independent visuo-spatial and motor
reaction tasks, we showed that in professional racing-car
drivers a reduced regional neural response is associated with a
reinforced connectivity among task-related cortical areas, as
compared to naive control subjects. In addition, the
professional drivers were characterized by an increased BOLD
signal variability, a feature previously found in younger
individuals as compared to poorer performing older adults.
These findings demonstrate that visuo-motor processing in
highly-skilled individuals is sustained by a different brain
functional architecture, with both ‘quantitative’ and ‘qualitative’
differences in brain recruitment as compared to naive subjects.
Indeed, the brain of highly skilled individuals processes visuo-
motor information in a clearly distinctive manner even when
subjects are requested to perform relatively simple, non-
demanding tasks, in which naive individuals have equal levels
of performance. These results are consistent with and further
expand findings from other skilled groups, including musicians,
and provide novel evidence to the hypothesis of an increased
‘neural efficiency’ in highly skilled individuals [29,59]. Finally,
from a wider perspective, the described results are particularly
relevant in light of the recent interest toward the use of physical
and mental trainings as ways to contrast or slow down
cognitive impairment associated with physiological or
pathological aging [87], as they strongly support the potential
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role of psycho-physical trainings in maintaining a functionally
‘elastic’ and efficient brain.

Supporting Information

Table S1. Talairach coordinates for the centers of mass of
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The group means in bold are significantly different from zero
(p<0.05, uncorrected). Inf.Occ., inferior occipital cortex; SMA,
supplementary motor area; Cereb., cerebellum.

References

1. Yarrow K, Brown P, Krakauer JW (2009) Inside the brain of an elite
athlete: the neural processes that support high achievement in sports.
Nat Rev Neurosci 10: 585-596. doi:10.1038/nrn2672. PubMed:
19571792.

2. Chein JM, Schneider W (2005) Neuroimaging studies of practice-
related change: fMRI and meta-analytic evidence of a domain-general
control network for learning. Brain Res. Cogn Brain Res 25: 607-623.
doi:10.1016/j.cogbrainres.2005.08.013.

3. Kelly AM, Garavan H (2005) Human functional neuroimaging of brain
changes associated with practice. Cereb Cortex 15: 1089-1102.
PubMed: 15616134.

4. Patel R, Spreng RN, Turner GR (2013) Functional Brain Changes
Following Cognitive and Motor Skills Training: A Quantitative Meta-
analysis.  Neurorehabil Neural Repair 27: 187-199. doi:
10.1177/1545968312461718. PubMed: 23093519.

5. Pantev C, Oostenveld R, Engelien A, Ross B, Roberts LE et al. (1998)
Increased auditory cortical representation in musicians. Nature 392:
811-814. doi:10.1038/33918. PubMed: 9572139.

6. Elbert T, Pantev C, Wienbruch C, Rockstroh B, Taub E (1995)
Increased cortical representation of the fingers of the left hand in string
players. Science 270: 305-307. doi:10.1126/science.270.5234.305.
PubMed: 7569982.

7. Reithler J, van Mier HI, Goebel R (2010) Continuous motor sequence
learning: cortical efficiency gains accompanied by striatal functional
reorganization. Neurolmage 52: 263-276. doi:10.1016/j.neuroimage.
2010.03.073. PubMed: 20362682.

8. Gobel EW, Parrish TB, Reber PJ (2011) Neural correlates of skill
acquisition: Decreased cortical activity during a serial interception
sequence learning task. Neurolmage 58: 1150-1157. doi:10.1016/
j.-neuroimage.2011.06.090. PubMed: 21771663.

9. Milton J, Solodkin A, Hlustik P, Small SL (2007) The mind of expert
motor performance is cool and focused. Neurolmage 35: 804-813. doi:
10.1016/j.neuroimage.2007.01.003. PubMed: 17317223.

10. Ross JS, Tkach J, Ruggieri PM, Lieber M, Lapresto E (2003) The
mind's eye: functional MR imaging evaluation of golf motor imagery.
AJNR Am J Neuroradiol 24: 1036-1044. PubMed: 12812924.

11. Chang Y, Lee JJ, Seo JH, Song HJ, Kim YT et al. (2011) Neural
correlates of motor imagery for elite archers. NMR Biomed 24:
366-372. PubMed: 22945291.

12. Baumeister J, Reinecke K, Liesen H, Weiss M (2008) Cortical activity of
skilled performance in a complex sports related motor task. Eur J Appl
Physiol 104: 625-631. doi:10.1152/japplphysiol.00915.2007. PubMed:
18607621.

PLOS ONE | www.plosone.org

Increased Neural Efficiency in Skilled Drivers

(DOC)

Table S4. Group mean path coefficients during visuo-
spatial task, with prediction going from row to column. The
group means in bold are significantly different from zero
(p<0.05, uncorrected). Prec., precuneus; MT+, middle temporal
complex; S.Par., superior parietal cortex; dPM, dorsal premotor
cortex; Cereb., cerebellum; Tha., thalamus.

(DOC)

Acknowledgements

The authors wish to thank all the volunteers who took part in
the study and the MRI Laboratory at the ‘Fondazione CNR/
Regione Toscana G. Monasterio’ (Pisa, ltaly) coordinated by
Massimo Lombardi. We are grateful to Giacomo Handjaras and
Andrea Leo for their assistance in fMRI data analyses.

Author Contributions

Conceived and designed the experiments: ER RC FF GS RG
PP. Performed the experiments: GB ER LS. Analyzed the data:
GB AG ER. Wrote the manuscript: GB ER PP. Enrolled and
screened participants: GB ER AP RC FF GS FG PP.

13. Del Percio C, Babiloni C, Bertollo M, Marzano N, lacoboni M et al.
(2009) Visuo-attentional and sensorimotor alpha rhythms are related to
visuo-motor performance in athletes. Hum Brain Mapp 30: 3527-3540.
doi:10.1002/hbm.20776. PubMed: 19350556.

14. Del Percio C, Infarinato F, lacoboni M, Marzano N, Soricelli A et al.
(2010) Movement-related desynchronization of alpha rhythms is lower
in athletes than non-athletes: a high-resolution EEG study. Clin
Neurophysiol 121: 482-491. doi:10.1016/j.clinph.2009.12.004. PubMed:
20097129.

15. Del Percio C, Rossini PM, Marzano N, lacoboni M, Infarinato F et al.
(2008) Is there a "neural efficiency" in athletes? A high-resolution EEG
study. Neurolmage 42: 1544-1553. doi:10.1016/j.neuroimage.
2008.05.061. PubMed: 18602484.

16. Nakata H, Yoshie M, Miura A, Kudo K (2010) Characteristics of the
athletes' brain: evidence from neurophysiology and neuroimaging.
Brain. Res Rev 62: 197-211. doi:10.1016/j.brainresrev.2009.11.006.

17. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA et al.
(2001) A default mode of brain function. Proc Natl Acad Sci U S A 98:
676-682. doi:10.1073/pnas.98.2.676. PubMed: 11209064.

18. Andrews-Hanna JR, Reidler JS, Sepulcre J, Poulin R, Buckner RL
(2010) Functional-anatomic fractionation of the brain's default network.
Neuron 65: 550-562. doi:10.1016/j.neuron.2010.02.005. PubMed:
20188659.

19. Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain's
default network: anatomy, function, and relevance to disease. Ann N Y
Acad Sci 1124: 1-38. doi:10.1196/annals.1440.011. PubMed:
18400922.

20. Buchel C, Coull JT, Friston KJ (1999) The predictive value of changes
in effective connectivity for human learning. Science 283: 1538-1541.
doi:10.1126/science.283.5407.1538. PubMed: 10066177.

21. Ma L, Wang B, Narayana S, Hazeltine E, Chen X et al. (2010) Changes
in regional activity are accompanied with changes in inter-regional
connectivity during 4 weeks motor learning. Brain Res 1318: 64-76. doi:
10.1016/j.brainres.2009.12.073. PubMed: 20051230.

22. Sun FT, Miler LM, Rao AA, D'Esposito M (2007) Functional
connectivity of cortical networks involved in bimanual motor sequence
learning. Cereb Cortex 17: 1227-1234. PubMed: 16855008.

23. Toni I, Rowe J, Stephan KE, Passingham RE (2002) Changes of
cortico-striatal effective connectivity during visuomotor learning. Cereb
Cortex 12: 1040-1047. doi:10.1093/cercor/12.10.1040. PubMed:
12217967.

October 2013 | Volume 8 | Issue 10 | e77764


http://dx.doi.org/10.1038/nrn2672
http://www.ncbi.nlm.nih.gov/pubmed/19571792
http://dx.doi.org/10.1016/j.cogbrainres.2005.08.013
http://www.ncbi.nlm.nih.gov/pubmed/15616134
http://dx.doi.org/10.1177/1545968312461718
http://www.ncbi.nlm.nih.gov/pubmed/23093519
http://dx.doi.org/10.1038/33918
http://www.ncbi.nlm.nih.gov/pubmed/9572139
http://dx.doi.org/10.1126/science.270.5234.305
http://www.ncbi.nlm.nih.gov/pubmed/7569982
http://dx.doi.org/10.1016/j.neuroimage.2010.03.073
http://dx.doi.org/10.1016/j.neuroimage.2010.03.073
http://www.ncbi.nlm.nih.gov/pubmed/20362682
http://dx.doi.org/10.1016/j.neuroimage.2011.06.090
http://dx.doi.org/10.1016/j.neuroimage.2011.06.090
http://www.ncbi.nlm.nih.gov/pubmed/21771663
http://dx.doi.org/10.1016/j.neuroimage.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17317223
http://www.ncbi.nlm.nih.gov/pubmed/12812924
http://www.ncbi.nlm.nih.gov/pubmed/22945291
http://dx.doi.org/10.1152/japplphysiol.00915.2007
http://www.ncbi.nlm.nih.gov/pubmed/18607621
http://dx.doi.org/10.1002/hbm.20776
http://www.ncbi.nlm.nih.gov/pubmed/19350556
http://dx.doi.org/10.1016/j.clinph.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20097129
http://dx.doi.org/10.1016/j.neuroimage.2008.05.061
http://dx.doi.org/10.1016/j.neuroimage.2008.05.061
http://www.ncbi.nlm.nih.gov/pubmed/18602484
http://dx.doi.org/10.1016/j.brainresrev.2009.11.006
http://dx.doi.org/10.1073/pnas.98.2.676
http://www.ncbi.nlm.nih.gov/pubmed/11209064
http://dx.doi.org/10.1016/j.neuron.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20188659
http://dx.doi.org/10.1196/annals.1440.011
http://www.ncbi.nlm.nih.gov/pubmed/18400922
http://dx.doi.org/10.1126/science.283.5407.1538
http://www.ncbi.nlm.nih.gov/pubmed/10066177
http://dx.doi.org/10.1016/j.brainres.2009.12.073
http://www.ncbi.nlm.nih.gov/pubmed/20051230
http://www.ncbi.nlm.nih.gov/pubmed/16855008
http://dx.doi.org/10.1093/cercor/12.10.1040
http://www.ncbi.nlm.nih.gov/pubmed/12217967

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

Wu T, Chan P, Hallett M (2008) Modifications of the interactions in the
motor networks when a movement becomes automatic. J Physiol 586:
4295-4304. doi:10.1113/jphysiol.2008.153445. PubMed: 18617569.
Rypma B, Berger JS, Prabhakaran V, Bly BM, Kimberg DY et al. (2006)
Neural correlates of cognitive efficiency. Neurolmage 33: 969-979. doi:
10.1016/j.neuroimage.2006.05.065. PubMed: 17010646.

Luo C, Guo ZW, Lai YX, Liao W, Liu Q et al. (2012) Musical training
induces functional plasticity in perceptual and motor networks: insights
from resting-state FMRI. PLOS ONE 7: e36568. doi:10.1371/
journal.pone.0036568. PubMed: 22586478.

Haier RJ, Siegel BV Jr., MacLachlan A, Soderling E, Lottenberg S et al.
(1992) Regional glucose metabolic changes after learning a complex
visuospatial/motor task: a positron emission tomographic study. Brain
Res 570: 134-143. doi:10.1016/0006-8993(92)90573-R. PubMed:
1617405.

Haier RJ, Siegel BV, Nuechterlein KH, Hazlett E, Wu JC et al. (1988)
Cortical Glucose Metabolic-Rate Correlates of Abstract Reasoning and
Attention Studied with Positron Emission Tomography. Intelligence 12:
199-217. doi:10.1016/0160-2896(88)90016-5.

Neubauer AC, Fink A (2009) Intelligence and neural efficiency.
Neurosci Biobehav Rev 33: 1004-1023. doi:10.1016/j.neubiorev.
2009.04.001. PubMed: 19580915.

Cabeza R, Anderson ND, Locantore JK, Mclntosh AR (2002) Aging
gracefully: compensatory brain activity in high-performing older adults.
Neurolmage 17: 1394-1402. doi:10.1006/nimg.2002.1280. PubMed:
12414279.

Mattay VS, Fera F, Tessitore A, Hariri AR, Das S et al. (2002)
Neurophysiological correlates of age-related changes in human motor
function. Neurology 58: 630-635. doi:10.1212/WNL.58.4.630. PubMed:
11865144.

Grady CL, Maisog JM, Horwitz B, Ungerleider LG, Mentis MJ et al.
(1994) Age-related changes in cortical blood flow activation during
visual processing of faces and location. J Neurosci 14: 1450-1462.
PubMed: 8126548.

Grady CL, Protzner AB, Kovacevic N, Strother SC, Afshin-Pour B et al.
(2010) A multivariate analysis of age-related differences in default
mode and task-positive networks across multiple cognitive domains.
Cereb Cortex 20: 1432-1447. doi:10.1093/cercor/bhp207. PubMed:
19789183.

Goh JO (2011) Functional Dedifferentiation and Altered Connectivity in
Older Adults: Neural Accounts of Cognitive Aging. Aging. Drosophila Inf
Serv 2: 30-48.

Han SD, Bangen KJ, Bondi MW (2009) Functional magnetic resonance
imaging of compensatory neural recruitment in aging and risk for
Alzheimer's disease: review and recommendations. Dement Geriatr
Cogn Disord 27: 1-10. doi:10.1159/000182420. PubMed: 19088472.
Grady CL (2008) Cognitive neuroscience of aging. Ann N 'Y Acad Sci
1124: 127-144. doi:10.1196/annals.1440.009. PubMed: 18400928.
Garrett DD, Kovacevic N, Mcintosh AR, Grady CL (2010) Blood oxygen
level-dependent signal variability is more than just noise. J Neurosci 30:
4914-4921. doi:10.1523/UNEUROSCI.5166-09.2010. PubMed:
20371811.

Garrett DD, Kovacevic N, Mcintosh AR, Grady CL (2011) The
importance of being variable. J Neurosci 31: 4496-4503. doi:10.1523/
JNEUROSCI.5641-10.2011. PubMed: 21430150.

Ricciardi E, Handjaras G, Bernardi G, Pietrini P, Furey ML (2013)
Cholinergic enhancement reduces functional connectivity and BOLD
variability in visual extrastriate cortex during selective attention.
Neuropharmacology 64: 305-313. doi:10.1016/j.neuropharm.
2012.07.003. PubMed: 22906685.

Leo A, Bernardi G, Handjaras G, Bonino D, Ricciardi E et al. (2012)
Increased BOLD variability in the parietal cortex and enhanced parieto-
occipital connectivity during tactile perception in congenitally blind
individuals. Neural Plast, 2012: 2012: 720278. PubMed: 22792493
Bischof HJ (2007) Behavioral and neuronal aspects of developmental
sensitive periods. Neuroreport 18: 461-465. doi:10.1097/WNR.
0b013e328014204e. PubMed: 17496804.

Poldrack RA (2000) Imaging brain plasticity: conceptual and
methodological issues--a theoretical review. Neurolmage 12: 1-13. doi:
10.1006/nimg.2000.0596. PubMed: 10875897.

Cox RW (1996) AFNI: software for analysis and visualization of
functional magnetic resonance neuroimages. Comput Biomed Res 29:
162-173. doi:10.1006/cbmr.1996.0014. PubMed: 8812068.

Talairach J, Tournoux P (1988) Co-planar stereotaxic atlas of the
human brain. New York: Thieme Medical Publishers.

Chen G, Saad ZS, Nath AR, Beauchamp MS, Cox RW (2012) FMRI
group analysis combining effect estimates and their variances.
Neuroimage 60: 747-765. doi:10.1016/j.neuroimage.2011.12.060.
PubMed: 22245637.

PLOS ONE | www.plosone.org

10

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Increased Neural Efficiency in Skilled Drivers

Deshpande G, LaConte S, James GA, Peltier S, Hu X (2009)
Multivariate Granger causality analysis of fMRI data. Hum Brain Mapp
30: 1361-1373. doi:10.1002/hbm.20606. PubMed: 18537116.

Granger CWJ (1969) Investigating causal relations by econometric
models and cross-spectral methods. Econometrica 37: 424-438. doi:
10.2307/1912791.

Goebel R, Roebroeck A, Kim DS, Formisano E (2003) Investigating
directed cortical interactions in time-resolved fMRI data using vector
autoregressive modeling and Granger causality mapping. Magn Reson
Imaging 21: 1251-1261. doi:10.1016/j.mri.2003.08.026. PubMed:
14725933.

Chen G, Glen DR, Saad ZS, Paul Hamilton J, Thomason ME et al.
(2011) Vector autoregression, structural equation modeling, and their
synthesis in neuroimaging data analysis. Comput Biol Med 41:
1142-1155. doi:10.1016/j.compbiomed.2011.09.004. PubMed:
21975109.

Hamilton JP, Chen G, Thomason ME, Schwartz ME, Gotlib IH (2011)
Investigating neural primacy in Major Depressive Disorder: multivariate
Granger causality analysis of resting-state fMRI time-series data. Mol
Psychiatry 16: 763-772. doi:10.1038/mp.2010.46. PubMed: 20479758.

von Neumann J, Kent RH, Bellinson HR, Hart Bl (1941) The mean
square successive difference. Ann Math Statist 12: 153-162. doi:
10.1214/a0ms/1177731746.

Mohr PN, Nagel IE (2010) Variability in brain activity as an individual
difference measure in neuroscience? J Neurosci 30: 7755-7757. doi:
10.1523/JNEUROSCI.1560-10.2010. PubMed: 20534823.

Jancke L, Shah NJ, Peters M (2000) Cortical activations in primary and
secondary motor areas for complex bimanual movements in
professional pianists. Brain Res. Cogn Brain Res 10: 177-183. doi:
10.1016/S0926-6410(00)00028-8.

Koeneke S, Lutz K, Wistenberg T, Jancke L (2004) Long-term training
affects cerebellar processing in skilled keyboard players. Neuroreport
15: 1279-1282. doi:10.1097/01.wnr.0000127463.10147.e7. PubMed:
15167549.

Krings T, Tépper R, Foltys H, Erberich S, Sparing R 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.
PubMed: 10653025.

Haslinger B, Erhard P, Altenmdiller E, Hennenlotter A, Schwaiger M et
al. (2004) Reduced recruitment of motor association areas during
bimanual coordination in concert pianists. Hum Brain Mapp 22:
206-215. doi:10.1002/hbm.20028. PubMed: 15195287.

Meister |, Krings T, Foltys H, Boroojerdi B, Miller M et al. (2005)
Effects of long-term practice and task complexity in musicians and
nonmusicians performing simple and complex motor tasks: implications
for cortical motor organization. Hum Brain Mapp 25: 345-352. doi:
10.1002/hbm.20112. PubMed: 15852385.

Del Percio C, lacoboni M, Lizio R, Marzano N, Infarinato F et al. (2011)
Functional coupling of parietal alpha rhythms is enhanced in athletes
before visuomotor performance: a coherence electroencephalographic
study. Neuroscience 175: 198-211. doi:10.1016/j.neuroscience.
2010.11.031. PubMed: 21144884.

Rypma B, Prabhakaran V (2009) When less is more and when more is
more: The mediating roles of capacity and speed in brain-behavior
efficiency. Intelligence 37: 207-222. doi:10.1016/j.intell.2008.12.004.
PubMed: 20161012.

Kim YT, Seo JH, Song HJ, Yoo DS, Lee HJ et al. (2011) Neural
correlates related to action observation in expert archers. Behav Brain
Res 223: 342-347. doi:10.1016/j.bbr.2011.04.053. PubMed: 21575660.
Seo J, Kim YT, Song HJ, Lee HJ, Lee J et al. (2012) Stronger
activation and deactivation in archery experts for differential cognitive
strategy in visuospatial working memory processing. Behav Brain Res
229: 185-193. doi:10.1016/j.bbr.2012.01.019. PubMed: 22266924.

Wei G, Luo J (2010) Sport expert's motor imagery: functional imaging
of professional motor skills and simple motor skills. Brain Res 1341:
52-62. doi:10.1016/j.brainres.2009.08.014. PubMed: 19686705.

Abreu AM, Macaluso E, Azevedo RT, Cesari P, Urgesi C et al. (2012)
Action anticipation beyond the action observation network: a functional
magnetic resonance imaging study in expert basketball players. Eur J
Neurosci 35: 1646-1654. doi:10.1111/j.1460-9568.2012.08104.x.
PubMed: 22541026.

Lipp I, Benedek M, Fink A, Koschutnig K, Reishofer G et al. (2012)
Investigating neural efficiency in the visuo-spatial domain: an FMRI
study. PLOS ONE 7: e51316. doi:10.1371/journal.pone.0051316.
PubMed: 23251496.

Milton J, Small SL, Solodkin A (2008) Imaging motor imagery:
methodological issues related to expertise. Methods 45: 336-341. doi:
10.1016/j.ymeth.2008.05.002. PubMed: 18762138.

October 2013 | Volume 8 | Issue 10 | e77764


http://dx.doi.org/10.1113/jphysiol.2008.153445
http://www.ncbi.nlm.nih.gov/pubmed/18617569
http://dx.doi.org/10.1016/j.neuroimage.2006.05.065
http://www.ncbi.nlm.nih.gov/pubmed/17010646
http://dx.doi.org/10.1371/journal.pone.0036568
http://dx.doi.org/10.1371/journal.pone.0036568
http://www.ncbi.nlm.nih.gov/pubmed/22586478
http://dx.doi.org/10.1016/0006-8993(92)90573-R
http://www.ncbi.nlm.nih.gov/pubmed/1617405
http://dx.doi.org/10.1016/0160-2896(88)90016-5
http://dx.doi.org/10.1016/j.neubiorev.2009.04.001
http://dx.doi.org/10.1016/j.neubiorev.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19580915
http://dx.doi.org/10.1006/nimg.2002.1280
http://www.ncbi.nlm.nih.gov/pubmed/12414279
http://dx.doi.org/10.1212/WNL.58.4.630
http://www.ncbi.nlm.nih.gov/pubmed/11865144
http://www.ncbi.nlm.nih.gov/pubmed/8126548
http://dx.doi.org/10.1093/cercor/bhp207
http://www.ncbi.nlm.nih.gov/pubmed/19789183
http://dx.doi.org/10.1159/000182420
http://www.ncbi.nlm.nih.gov/pubmed/19088472
http://dx.doi.org/10.1196/annals.1440.009
http://www.ncbi.nlm.nih.gov/pubmed/18400928
http://dx.doi.org/10.1523/JNEUROSCI.5166-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20371811
http://dx.doi.org/10.1523/JNEUROSCI.5641-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.5641-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21430150
http://dx.doi.org/10.1016/j.neuropharm.2012.07.003
http://dx.doi.org/10.1016/j.neuropharm.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22906685
http://www.ncbi.nlm.nih.gov/pubmed/720278
http://dx.doi.org/10.1097/WNR.0b013e328014204e
http://dx.doi.org/10.1097/WNR.0b013e328014204e
http://www.ncbi.nlm.nih.gov/pubmed/17496804
http://dx.doi.org/10.1006/nimg.2000.0596
http://www.ncbi.nlm.nih.gov/pubmed/10875897
http://dx.doi.org/10.1006/cbmr.1996.0014
http://www.ncbi.nlm.nih.gov/pubmed/8812068
http://dx.doi.org/10.1016/j.neuroimage.2011.12.060
http://www.ncbi.nlm.nih.gov/pubmed/22245637
http://dx.doi.org/10.1002/hbm.20606
http://www.ncbi.nlm.nih.gov/pubmed/18537116
http://dx.doi.org/10.2307/1912791
http://dx.doi.org/10.1016/j.mri.2003.08.026
http://www.ncbi.nlm.nih.gov/pubmed/14725933
http://dx.doi.org/10.1016/j.compbiomed.2011.09.004
http://www.ncbi.nlm.nih.gov/pubmed/21975109
http://dx.doi.org/10.1038/mp.2010.46
http://www.ncbi.nlm.nih.gov/pubmed/20479758
http://dx.doi.org/10.1214/aoms/1177731746
http://dx.doi.org/10.1523/JNEUROSCI.1560-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20534823
http://dx.doi.org/10.1016/S0926-6410(00)00028-8
http://dx.doi.org/10.1097/01.wnr.0000127463.10147.e7
http://www.ncbi.nlm.nih.gov/pubmed/15167549
http://dx.doi.org/10.1016/S0304-3940(99)00930-1
http://www.ncbi.nlm.nih.gov/pubmed/10653025
http://dx.doi.org/10.1002/hbm.20028
http://www.ncbi.nlm.nih.gov/pubmed/15195287
http://dx.doi.org/10.1002/hbm.20112
http://www.ncbi.nlm.nih.gov/pubmed/15852385
http://dx.doi.org/10.1016/j.neuroscience.2010.11.031
http://dx.doi.org/10.1016/j.neuroscience.2010.11.031
http://www.ncbi.nlm.nih.gov/pubmed/21144884
http://dx.doi.org/10.1016/j.intell.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20161012
http://dx.doi.org/10.1016/j.bbr.2011.04.053
http://www.ncbi.nlm.nih.gov/pubmed/21575660
http://dx.doi.org/10.1016/j.bbr.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22266924
http://dx.doi.org/10.1016/j.brainres.2009.08.014
http://www.ncbi.nlm.nih.gov/pubmed/19686705
http://dx.doi.org/10.1111/j.1460-9568.2012.08104.x
http://www.ncbi.nlm.nih.gov/pubmed/22541026
http://dx.doi.org/10.1371/journal.pone.0051316
http://www.ncbi.nlm.nih.gov/pubmed/23251496
http://dx.doi.org/10.1016/j.ymeth.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/18762138

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Calvo-Merino B, Glaser DE, Grézes J, Passingham RE, Haggard P
(2005) Action observation and acquired motor skills: An fMRI study with
expert dancers. Cereb Cortex 15: 1243-1249. PubMed: 15616133.
Calvo-Merino B, Grézes J, Glaser DE, Passingham RE, Haggard P
(2006) Seeing or doing? Influence of visual and motor familiarity in
action observation. Curr Biol 16: 1905-1910. doi:10.1016/j.cub.
2006.07.065. PubMed: 17027486.

Boehler CN, Appelbaum LG, Krebs RM, Hopf JM, Woldorff MG (2010)
Pinning down response inhibition in the brain--conjunction analyses of
the Stop-signal task. Neurolmage 52: 1621-1632. doi:10.1016/
j-neuroimage.2010.04.276. PubMed: 20452445.

Chikazoe J (2010) Localizing performance of go/no-go tasks to
prefrontal cortical subregions. Curr Opin Psychiatry 23: 267-272. doi:
10.1097/YCO.0b013e3283387a9f. PubMed: 20308899.

Tootell RB, Reppas JB, Kwong KK, Malach R, Born RT et al. (1995)
Functional analysis of human MT and related visual cortical areas using
magnetic resonance imaging. J Neurosci 15: 3215-3230. PubMed:
7722658.

Heitger MH, Ronsse R, Dhollander T, Dupont P, Caeyenberghs K et al.
(2012) Motor learning-induced changes in functional brain connectivity
as revealed by means of graph-theoretical network analysis.
Neurolmage 61: 633-650. doi:10.1016/j.neuroimage.2012.03.067.
PubMed: 22503778.

Taubert M, Lohmann G, Margulies DS, Villringer A, Ragert P (2011)
Long-term effects of motor training on resting-state networks and
underlying brain structure. Neurolmage 57: 1492-1498. doi:10.1016/
j-neuroimage.2011.05.078. PubMed: 21672633.

Brancucci A (2012) Neural correlates of cognitive ability. J Neurosci
Res 90: 1299-1309. doi:10.1002/jnr.23045. PubMed: 22422612.
Mcintosh AR, Kovacevic N, ltier RJ (2008) Increased brain signal
variability accompanies lower behavioral variability in development.
PLOS Comput Biol 4: e1000106. PubMed: 18604265.

Ghosh A, Rho Y, McIntosh AR, Kétter R, Jirsa VK (2008) Noise during
rest enables the exploration of the brain's dynamic repertoire. PLOS
Comput Biol 4: €1000196. PubMed: 18846206.

Garrett DD, Samanez-Larkin GR, MacDonald SW, Lindenberger U,
Mcintosh AR et al. (2013) Moment-to-moment brain signal variability: a
next frontier in human brain mapping? Neurosci Biobehav Rev 37:
610-624. doi:10.1016/j.neubiorev.2013.02.015. PubMed: 23458776.
Pietrini P, Alexander GE, Furey ML, Hampel H, Guazzelli M (2000) The
neurometabolic landscape of cognitive decline: in vivo studies with
positron emission tomography in Alzheimer's disease. Int J

PLOS ONE | www.plosone.org

11

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Increased Neural Efficiency in Skilled Drivers

Psychophysiol 37: 87-98.
PubMed: 10828377.

Freo U, Ricciardi E, Pietrini P, Schapiro MB, Rapoport SI et al. (2005)
Pharmacological modulation of prefrontal cortical activity during a
working memory task in young and older humans: a PET study with
physostigmine. Am J Psychiatry 162: 2061-2070. doi:10.1176/appi.ajp.
162.11.2061. PubMed: 16263845.

Spiers HJ, Maguire EA (2007) Neural substrates of driving behaviour.
Neurolmage 36: 245-255. doi:10.1016/j.neuroimage.2007.02.032.
PubMed: 17412611.

Jeong M, Tashiro M, Singh LN, Yamaguchi K, Horikawa E et al. (2006)
Functional brain mapping of actual car-driving using [18F]FDG-PET.
Ann Nucl Med 20: 623-628. doi:10.1007/BF02984660. PubMed:
17294673.

Calhoun VD, Pekar JJ, McGinty VB, Adali T, Watson TD et al. (2002)
Different activation dynamics in multiple neural systems during
simulated driving. Hum Brain Mapp 16: 158-167. doi:10.1002/hbm.
10032. PubMed: 12112769.

Uchiyama Y, Ebe K, Kozato A, Okada T, Sadato N (2003) The neural
substrates of driving at a safe distance: a functional MRI study.
Neurosci Lett 352: 199-202. doi:10.1016/j.neulet.2003.08.072.
PubMed: 14625019.

Chuah YM, Venkatraman V, Dinges DF, Chee MW (2006) The neural
basis of interindividual variability in inhibitory efficiency after sleep
deprivation. J Neurosci 26: 7156-7162. doi:10.1523/JNEUROSCI.
0906-06.2006. PubMed: 16822972.

Papadelis C, Chen Z, Kourtidou-Papadeli C, Bamidis PD, Chouvarda |
et al. (2007) Monitoring sleepiness with on-board electrophysiological
recordings for preventing sleep-deprived ftraffic accidents. Clin
Neurophysiol  118:  1906-1922. doi:10.1016/j.clinph.2007.04.031.
PubMed: 17652020.

Friston K (2012) Ten ironic rules for non-statistical reviewers.
Neurolmage 61: 1300-1310. doi:10.1016/j.neuroimage.2012.04.018.
PubMed: 22521475.

Valdes-Sosa PA, Roebroeck A, Daunizeau J, Friston K (2011) Effective
connectivity:  influence, causality and biophysical modeling.
Neurolmage 58: 339-361. doi:10.1016/j.neuroimage.2011.03.058.
PubMed: 21477655.

Lustig C, Shah P, Seidler R, Reuter-Lorenz PA (2009) Aging, training,
and the brain: a review and future directions. Neuropsychol Rev 19:
504-522. doi:10.1007/s11065-009-9119-9. PubMed: 19876740.

doi:10.1016/S0167-8760(00)00097-0.

October 2013 | Volume 8 | Issue 10 | e77764


http://www.ncbi.nlm.nih.gov/pubmed/15616133
http://dx.doi.org/10.1016/j.cub.2006.07.065
http://dx.doi.org/10.1016/j.cub.2006.07.065
http://www.ncbi.nlm.nih.gov/pubmed/17027486
http://dx.doi.org/10.1016/j.neuroimage.2010.04.276
http://dx.doi.org/10.1016/j.neuroimage.2010.04.276
http://www.ncbi.nlm.nih.gov/pubmed/20452445
http://dx.doi.org/10.1097/YCO.0b013e3283387a9f
http://www.ncbi.nlm.nih.gov/pubmed/20308899
http://www.ncbi.nlm.nih.gov/pubmed/7722658
http://dx.doi.org/10.1016/j.neuroimage.2012.03.067
http://www.ncbi.nlm.nih.gov/pubmed/22503778
http://dx.doi.org/10.1016/j.neuroimage.2011.05.078
http://dx.doi.org/10.1016/j.neuroimage.2011.05.078
http://www.ncbi.nlm.nih.gov/pubmed/21672633
http://dx.doi.org/10.1002/jnr.23045
http://www.ncbi.nlm.nih.gov/pubmed/22422612
http://www.ncbi.nlm.nih.gov/pubmed/18604265
http://www.ncbi.nlm.nih.gov/pubmed/18846206
http://dx.doi.org/10.1016/j.neubiorev.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23458776
http://dx.doi.org/10.1016/S0167-8760(00)00097-0
http://www.ncbi.nlm.nih.gov/pubmed/10828377
http://dx.doi.org/10.1176/appi.ajp.162.11.2061
http://dx.doi.org/10.1176/appi.ajp.162.11.2061
http://www.ncbi.nlm.nih.gov/pubmed/16263845
http://dx.doi.org/10.1016/j.neuroimage.2007.02.032
http://www.ncbi.nlm.nih.gov/pubmed/17412611
http://dx.doi.org/10.1007/BF02984660
http://www.ncbi.nlm.nih.gov/pubmed/17294673
http://dx.doi.org/10.1002/hbm.10032
http://dx.doi.org/10.1002/hbm.10032
http://www.ncbi.nlm.nih.gov/pubmed/12112769
http://dx.doi.org/10.1016/j.neulet.2003.08.072
http://www.ncbi.nlm.nih.gov/pubmed/14625019
http://dx.doi.org/10.1523/JNEUROSCI.0906-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.0906-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16822972
http://dx.doi.org/10.1016/j.clinph.2007.04.031
http://www.ncbi.nlm.nih.gov/pubmed/17652020
http://dx.doi.org/10.1016/j.neuroimage.2012.04.018
http://www.ncbi.nlm.nih.gov/pubmed/22521475
http://dx.doi.org/10.1016/j.neuroimage.2011.03.058
http://www.ncbi.nlm.nih.gov/pubmed/21477655
http://dx.doi.org/10.1007/s11065-009-9119-9
http://www.ncbi.nlm.nih.gov/pubmed/19876740

	How Skill Expertise Shapes the Brain Functional Architecture: An fMRI Study of Visuo-Spatial and Motor Processing in Professional Racing-Car and Naïve Drivers
	Introduction
	Material and Methods
	Subjects
	Ethics Statement
	Image Acquisition
	Motor Reaction Task
	Visuo-Spatial Task
	Behavioural Data Analysis
	Functional Images Analysis
	Multivariate Autoregressive Analysis
	BOLD Variability Analysis

	Results
	Behavioral Results
	Task related functional brain responses
	Brain functional networks
	BOLD signal temporal variability

	Discussion
	Reduced activation in task-related cortical areas in skilled drivers
	Increased regional correlations during visuo-motor processing
	BOLD signal variability as a marker of neural efficiency
	Neural efficiency and driving behavior
	Limitations of the study

	Conclusions
	Supporting Information
	Acknowledgements
	Author Contributions
	References


