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Abstract
Driving is a complex behavior that requires the integration of multiple cognitive functions. While
many studies have investigated brain activity related to driving simulation under distinct conditions,
little is known about the brain morphological and functional architecture in professional competitive
driving, which requires exceptional motor and navigational skills. Here, 11 professional racing-car
drivers and 11 “naïve” volunteers underwent both structural and functional brain magnetic
resonance imaging (MRI) scans. Subjects were presented with short movies depicting a Formula
One car racing in four different official circuits. Brain activity was assessed in terms of regional
response, using an Inter-Subject Correlation (ISC) approach, and regional interactions by mean of
functional connectivity. In addition, voxel-based morphometry (VBM) was used to identify specific
structural differences between the two groups and potential interactions with functional differences
detected by the ISC analysis. Relative to non-experienced drivers, professional drivers showed a
more consistent recruitment of motor control and spatial navigation devoted areas, including
premotor/motor cortex, striatum, anterior, and posterior cingulate cortex and retrosplenial cortex,
precuneus, middle temporal cortex, and parahippocampus. Moreover, some of these brain regions,
including the retrosplenial cortex, also had an increased gray matter density in professional car
drivers. Furthermore, the retrosplenial cortex, which has been previously associated with the storage
of observer-independent spatial maps, revealed a specific correlation with the individual driver's
success in official competitions. These findings indicate that the brain functional and structural
organization in highly trained racing-car drivers differs from that of subjects with an ordinary
driving experience, suggesting that specific anatomo-functional changes may subtend the
attainment of exceptional driving performance.
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Introduction
Throughout the centuries, first by using animals (i.e., horses) and then by developing motor vehicles
and airplanes, humans have been able to reach speeds and accelerations tens of times higher than
those that we would otherwise encounter by moving around with our own “body machine.” In this
regard, high-speed driving can be considered as a “para-physiological condition,” in which the brain
is required to process motion and motor information in a much faster and more demanding way.
Interestingly, recent evidence collected in various highly skilled populations, including elite
athletes, suggests that the expertise subtending exceptional driving abilities, as those shown by
Formula racing-car professional drivers, may be associated with specific changes in the

morphological (Gaser and Schlaug, 2003a,b; Draganski et al., 2004; Roberts et al., 2010; Wei et
al., 2011; Di Paola et al., 2013) and functional (Jancke et al., 2000; Haslinger et al., 2004; Kelly and
Garavan, 2005; Milton et al., 2007; Kim et al., 2008; Del Percio et al., 2009; Wei and Luo, 2010;
Chang et al., 2011; Seo et al., 2012) architecture of the brain (reviewed in Jancke, 2009a,b; Yarrow
et al., 2009; Nakata et al., 2010; Herholz and Zatorre, 2012; Chang, 2014). Different mechanisms
have been proposed to explain structural modifications in these groups, including the formation of
new neurons or glial cells, increases in cell size or spine density and axonal growth (May et
al., 2007; Draganski and May, 2008; May, 2011). From a functional viewpoint, expertise-dependent
changes are usually associated with a reduced recruitment of task-related cortical regions,
accompanied by a strengthening of skill-relevant inter-regional connections, characteristics though
to reflect an increased “neural efficiency” (Chein and Schneider, 2005; Brancucci, 2012; Bernardi et
al., 2013; Patel et al., 2013).
As far as exceptional driving abilities are concerned, we recently showed that Formula racing-car
professional drivers, as compared to naïve control subjects, present not only quantitative, but
also qualitative distinctive brain functional correlates even during simple motor reaction and visuospatial tasks, in which naïve controls obtain similar behavioral results (Bernardi et al., 2013).
Specifically, we observed that skilled car drivers are characterized by a reduced brain cortical
activation and by reinforced connectivity measures between task-relevant areas. Moreover, during
the same tasks, these individuals showed a higher signal temporal variability, a recently proposed
marker of functional efficiency and regional information integration (Garrett et al., 2010; Leo et
al., 2012; Ricciardi et al., 2013).
While the above results from our study indicate functional modifications in brain areas associated
with motor control and visuo-spatial abilities, which are certainly required for the exceptional
performance levels shown by these individuals, no research to date has investigated how these
highly skilled brains process the complex flux of information related to actual driving behavior.
Moreover, it is still unknown whether the specific expertise in driving racing-cars may be
associated with distinctive structural brain substrates, and whether these changes may be correlated
with the level of performance reached by the driver. To pursue these open questions, we took
advantage of the fact that passive observation of video-clips depicting human behaviors do evoke a
brain response that largely overlaps with the one observed during the actual execution of the same
activities (Calvo-Merino et al., 2005; Gazzola and Keysers, 2009), and that this functional
representation is dependent on the level of expertise achieved by the observer (Calvo-Merino et
al., 2006; Cross et al., 2006). Thus, we used functional magnetic resonance imaging (fMRI) to
compare patterns of brain response and regional interaction during an ecological passive driving
task in which professional and naïve drivers watched, from the driver's subjective perspective, a
Formula One car running on different official circuits. In particular, a continuous stimulation
paradigm was used in place of the more classical block design, as it allowed for the simulation of a
more “natural” driving condition, with no interruptions and no need for a priori assumptions
regarding the specific events that modulated brain activity (Spiers and Maguire, 2007a). Moreover,
functional MRI analysis was performed employing an Inter-Subject Correlation approach (ISC;
Hasson et al., 2004; Pajula et al., 2012), which uses the activity timecourse of each area and
compare it across subjects of a specific group to provide an index that is related to regional activity
modulation by the stimulus (Hasson et al., 2010). Importantly, previous studies demonstrated that
the ISC approach can be successfully used to study spontaneous brain response during naturalistic
stimulation in a completely data driven fashion (Jaaskelainen et al., 2008; Hasson et al., 2009;
Kauppi et al., 2010; Nummenmaa et al., 2012). Finally, high-resolution MRI anatomical brain
images of professional and naïve drivers were obtained to compare gray matter density in cortical

and subcortical brain structures, using voxel based morphometry (VBM; Ashburner and
Friston, 2000).
We anticipated that during passive driving, expert racing-car drivers would show a functional
plastic adaptation of regions involved in visuo-spatial navigation and motor control, when
compared to untrained naïve drivers. In particular, we hypothesized that these brain areas would be
characterized by a greater inter-subject and intra-subject synchronicity (i.e., coupling), potentially
related to the acquisition of specific behavioral and functional motor repertoires. In addition, we
predicted that these driving-related brain areas would also be characterized by expertise-dependent
structural changes, as expressed by an increased regional gray matter density.
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Material and methods
Subjects
Eleven professional (mean age ± SD = 24 ± 4 years) and 11 naïve (28 ± 4 years; p = n.s.) car drivers
participated in the MRI study, which comprised the acquisition of brain anatomical data and two
distinct functional studies, the passive driving paradigm reported here and the motor-reaction and
visuo-spatial tasks previously reported (Bernardi et al., 2013). Professional car drivers were
recruited from the pool assisted by the Formula Medicine® group (Viareggio, Italy). All car racers
were actively participating in a professional racing tournament (as Formula One Championship,
World Series, Formula 3, etc.) at the time of the study and had a minimum of 4 year expertise in
amateur and professional racing. Naïve car drivers were recruited from the general population and
had no history of practicing any sport at an amateur or professional level. All subjects were righthanded healthy males. Clinical examinations and laboratory testing, including a structural brain
MRI scan exam, were performed to rule out history or presence of any relevant medical,
neurological or psychiatric condition that could affect brain function and development. All subjects
were free of medications and 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 World Medical Association (2008). All participants retained the right to
withdraw from the study at any moment.
Image acquisition
Functional and structural brain images were acquired on a GE Signa 1.5 Tesla scanner (General
Electric, Milwaukee, WI). For each subject we obtained a high-resolution T1-weighted spoiled
gradient recall image (slice thickness = 1 mm, echo time = 3.8 ms, repetition time = 20 ms, flip
angle = 15°, field of view = 220 mm, acquisition matrix = 220 × 220, 150 axial slices) both to
provide detailed brain anatomy for functional data localization and for structural analyses based on
voxel based morphometry measures.
Functional data were collected using the following parameters: repetition time = 2500 ms, number
of axial-slices = 21, slice thickness = 5 mm, field of view = 240 mm, echo time = 40 ms, flip angle
= 90°, image plane resolution = 128×128. Because of technical reasons, functional data from the
passive driving paradigm were not available in one out of the 11 professional drivers and in 2 out of
the 11 naïve drivers. While in the magnetic resonance scanner, participants were presented with
four video-clips recorded by an on-board camera placed on a Formula One car running on different

circuits: Spa-Francorchamps (Spa, Belgium), Magny-Cours Circuit (Nevers, France), Autodromo
Enzo e Dino Ferrari (Imola, Italy) and Bahrain International Circuit (Sakhir, Bahrain). Visual
stimuli were presented on a rear projection screen viewed through a mirror (visual field: 25° wide
and 20° high). All four video-clips were presented in a single continuous sequence (with a 1 s black
screen separating each clip from the following) overall lasting 340 s (136 volumes). A black screen
was shown at the beginning of each functional time series for 15 s (6 volumes) that were
subsequently discarded to allow for magnetic field stabilization. To maximize compliance and
attention to the stimuli, before the fMRI scanning subjects were instructed to imagine themselves
driving the racing-car.
Functional data preprocessing
We used AFNI and SUMA software packages to analyse and display functional imaging data
(http://afni.nimh.nih.gov/afni; Cox, 1996, 2012). All obtained functional volumes were coregistered
(3dvolreg), temporally aligned (3dTshift), and spatially smoothed using a Gaussian kernel of
FWHM 8 mm (3dmerge). Individual run data were scaled by calculating the mean intensity value
for each voxel during the entire functional run, and by dividing the value within each voxel by this
averaged baseline to estimate the percent signal change at each time point. Additional preprocessing
steps included removal of other effects of no interest, specifically, head motion, and drifting effects,
from all timeseries. Individual preprocessed functional data were registered to the Talairach and
Tournoux Atlas coordinate system (Talairach and Tournoux, 1988), and resampled into 2
mm3 voxels. Brain activations were anatomically localized on the naive and professional groupaveraged Talairach-transformed T1-weighted images, and visualized on normalized SUMA surface
templates.
Inter-subject correlation analysis
The exploration of brain functional responses during a natural viewing condition is not easily
attainable using classical analysis approaches based on general linear model (GLM) (Spiers and
Maguire, 2007a). Thus, to determine the regional brain activation during continuous passive
driving, we used an Inter-Subject Correlation (ISC) analysis (Hasson et al., 2004; Pajula et
al., 2012). The ISC approach is based on the assumption that some events included in naturalistic
stimuli are able to evoke functionally selective, time-locked, brain response with high
reproducibility across different subjects, and thus operates in a completely data-driven fashion
(Hasson et al., 2010).
Pearson's coefficient was used to determine correlation between every pair of subjects within each
group on a voxel by voxel basis (Hasson et al., 2004). Thus, as we included 10 professional and 9
naive drivers, we obtained a total of 45 and 36 correlation maps, respectively, that were then used to
calculate the averaged correlation coefficient per voxel in each group. To define significant
correlations in the obtained group maps we performed a fully non-parametric voxel-wise
permutation test using ISC-toolbox (Kauppi et al., 2010). This program generated the permutation
distribution by circularly shifting each subject's time series by random amount so that they were no
longer aligned, and then calculated the new correlation values. The full permutation distribution
was approximated with 100,000,000 realizations for each group. Correction for multiple
comparisons was attained using false discovery rate (FDR) with independence or positive
dependence assumption (Benjamini and Hochberg, 1995; Nichols and Hayasaka, 2003; Kauppi et
al., 2010). The significance threshold was set at FDR corrected p < 0.001.

To better characterize ISC differences between professional and naïve drivers, we computed a
contrast between the two groups using an approach similar to the one described in Cantlon and Li
(2013). Specifically, individual activation maps were obtained for each subject by averaging the
ISC-maps representing the voxel-to-voxel correlations with all other subjects of the same group.
Then, a whole brain statistical comparison was carried out via unpaired t-test over individual
Fisher-transformed r-maps (p < 0.01, FDR corrected; a minimum volume threshold of 30 voxels
was also applied to filter out smaller clusters).
Functional connectivity analysis
In order to reduce the probability of identifying spurious correlations, the timeseries extracted from
a single voxel located in the lateral ventricles, the six motion correction parameters derived from the
volume registration and the polynomial regressors accounting for baseline shifts and
linear/quadratic/cubic drifts were mathematically removed (3dSynthesize) from the preprocessed
voxel timecourse (Lund et al., 2006). In addition, timeseries were low-pass filtered (3dFourier) at
0.15 Hz to remove high frequency physiological artifacts including cardiac and respiratory
pulsatility (Birn et al., 2006).
We divided each brain hemisphere into 45 cortical and subcortical regions using the Eickhoff-Zilles
Atlas (Eickhoff et al., 2005). Regional mean timeseries were estimated for each individual by
averaging the fMRI timecourses over all voxels in each of the 90 regions. For each subject an
individual correlation matrix was obtained by computing the Pearson's correlation coefficient
between each region of interest and all other considered regions of the brain. In order to determine
significantly different correlations between the two examined groups, we converted correlation
coefficients of each subject into z-scores using Fisher's z transformation and then performed an
unpaired t-tests at each location of the correlation matrix (p < 0.05).
Voxel-based morphometry
The estimation of structural changes in cortical and subcortical brain regions was performed using
an optimized voxel-based morphometry (VBM) protocol (Ashburner and Friston, 2000; Good et
al., 2001), carried out with FSL tools (Smith et al., 2004). One naïve driver was excluded from this
analysis due to MRI artifacts which compromised the VBM measure in occipital and parietal brain
areas, thus structural data from 11 professional (24 ± 4 years) and 10 naïve (28 ± 4 years) drivers
were used. First, high resolution anatomical brain images were extracted using the Brain Extraction
Tool (BET; Smith, 2002), corrected for radio-frequency (RF) pulse inhomogeneity and segmented
into different tissue types (gray matter, white matter and cerebrospinal fluid) through the FMRIB's
Automated Segmentation Tool (FAST; Zhang et al., 2001). The resulting gray matter images were
registered to the 2 mm isotropic MNI-152 atlas (Fonov et al., 2009) by means of non-linear
registration (FNIRT; Andersson et al., 2007) and were averaged, as well as flipped along the x-axis
to create a symmetric, study-specific gray matter template. Afterward, the native gray matter images
were non-linearly registered to this template and modulated to correct for local expansion or
contraction due to the non-linear component of the spatial transformation (multiplying the gray
matter by the Jacobian of the warp field; Fonov et al., 2009). The modulated gray matter maps were
then smoothed using an isotropic Gaussian kernel with a sigma of 3 mm.
To investigate differences between professional and naïve drivers, a voxel-wise group comparison
test was applied by using a permutation-based non-parametric approach (n = 5000 permutations to
estimate the null distribution), while correcting for multiple comparison and adding age and overall

brain volume as nuisance variables (p < 0.05, corrected with threshold-free cluster enhancement,
TFCE; Smith and Nichols, 2009). Further, to determine how driving expertise is related to
functional and structural brain modifications in professional drivers, we ran a correlation analysis
between gray matter density and a “driving proficiency index,” computed as the number of podia
achieved during the entire career divided by the number of races entered at the time of the study
(data extracted from the online “driver database” [http://www.driverdb.com/]). The number of podia
per race, ranging from 0 (worst performance) to 1 (best performance), could be reasonably
considered as a success index, since it is highly correlated with the number of races won (r = 0.89)
and because each race placement defines the overall championship score. To this purpose, the same
VBM preprocessing workflow described above was applied, resulting in a gray matter template
specific for the professional driver subjects solely (n = 11). Next, functional results were spatially
transformed from the Talairach to the MNI space in order to carry out a logical conjunction (AND)
between ISC (p < 0.01, FDR corrected) and VBM (p < 0.05, TFCE corrected) group comparison
maps. Afterward, a voxel-wise linear regression between gray matter density and driving
proficiency index was applied within the resulting mask. By doing this, we identified brain regions,
within those structurally related to group differences, which showed a morphological reorganization
associated with driving expertise, hence mediated by its functional role. Statistical significance level
was estimated by means of the non-parametric permutation test previously described (p < 0.05,
small volume TFCE corrected).
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Results
Inter-subject correlation analysis
In both professional and naïve drivers, passive driving significantly modulated regional activity in a
set of cortical areas known to be involved in visual information processing, vigilance, attention,
motor control, and more specifically, in driving behavior (Walter et al., 2001; Spiers and
Maguire, 2007b). In fact, both groups showed a significant brain response in bilateral visual cortex
(BA17, BA18, BA19), precuneus, cingulate, parahippocampus, superior parietal, medial frontal
(BA6), right dorsolateral prefrontal (BA9) and left precentral cortex (Figure (Figure1).1). However,
professional drivers showed additional significant correlations in bilateral inferior parietal,
inferior/middle temporal, medial/superior frontal, inferior frontal, left middle frontal, and right
precentral cortex.

Figure 1
Group Inter-Subject Correlation (ISC) maps obtained by averaging Pearson's correlation
coefficients computed between each pair of subjects within the same group at each location.
Panel (A) shows the group-level ISC-map obtained in naïve drivers, ...
The contrast carried out between the two groups revealed a significantly stronger correlation (p <
0.01, FDR corrected) in professional drivers, as compared to naïve drivers, in bilateral cingulate
cortex and posterior cingulate, precuneus, parahippocampal, supramarginal, middle temporal,
middle, and inferior frontal cortex, and caudate nucleus, left anterior cingulate cortex, medial

frontal, and thalamus, right superior frontal and precentral cortex, lentiform nucleus, and cerebellum
(Figure (Figure2;2; Supplementary Table S1). On the other hand, naïve drivers showed stronger
correlations only in the left middle occipital cortex.

Figure 2
Contrast between ISC-values of naïve and professional drivers. The dark/light blue color
indicates a higher correlation value in the naïve drivers, while red/yellow colors indicate a higher
correlation in the professional drivers (p < ...
Functional connectivity analysis
Individual functional connectivity matrices obtained with an explorative approach were used to
calculate averaged group maps (Figures 3A,B) and to compute a comparison between professional
and naïve drivers (Figure (Figure3C)3C) via unpaired t-test (p < 0.05). Results showed a
considerable number of reinforced correlations in professional as compared to naïve drivers, mostly
involving prefrontal cortex, anterior and posterior cingulate and basal ganglia. In particular, areas
that showed the greatest changes in inter-regional correlations included medial and orbitofrontal,
superior frontal, cingulate, motor, and premotor cortical areas (Supplementary Table S2). On the
other hand, naïve drivers showed fewer stronger correlations, mostly between areas belonging to
striate and extrastriate visual regions and parietal cortex (Figure (Figure3C).3C). Importantly, the
number of obtained results at α = 0.05 was significantly greater than what should be expected using
Poisson distribution as a model (p = 2*10−16).

Figure 3
Individual functional connectivity matrices obtained with the explorative approach were used
to compute (A–B) group averaged matrices and (C) a comparison between professional and
naïve drivers via unpaired t-test (p < 0.05). Results ...
Voxel-based morphometry
Results obtained using the VBM analysis showed an increase in gray matter density across several
brain regions for the professional racing-car drivers as compared to the naïve subjects (p < 0.05,
TFCE corrected). These regions included the bilateral thalamus, lentiform and caudate nuclei,
posterior cingulate and retrosplenial cortex (RSC, BA30), as well as the inferior temporal, the
fusiform, the pars orbitalis and triangularis of the inferior frontal (BA45/BA47) and the precentral
gyri (Supplementary Table S3). In addition, we found differences in the left lingual, left postcentral
gyrus, left parahippocampal gyrus, and in the right medial frontal gyrus (BA10). No significant
reductions (p < 0.05 TFCE corrected) in gray matter density were found in the professional race car
drivers as compared to the control group (Figure (Figure4,4, blue areas).

Figure 4
Results obtained for VBM (p < 0.05 TFCE corrected) and ISC (p< 0.01 FDR corrected)
analyses from the comparison between professional race car drivers and naïve subjects. Blue
voxels represent brain areas with a significantly higher ...
Statistical maps obtained from structural (VBM, Figure Figure4,4, blue areas) and functional (ISC,
Figure Figure4,4, green areas) group comparison (professional > naïve drivers) revealed areas of
overlap (Figure (Figure4,4, red areas) for the bilateral posterior cingulate and retrosplenial cortex,
left parahippocampal, left thalamus, left caudate nucleus, right lentiform nucleus, and right inferior
frontal gyrus. No overlapping regions were found for the VBM and ISC analyses while contrasting
naïve greater than expert drivers.
Further, the correlation analysis between gray matter density and driving proficiency index (podia
divided by number of races), carried out within the previously described overlapping areas, revealed
a significant positive correlation in the left retrosplenial cortex, BA30 (p < 0.05, small volume
TFCE corrected; Figure Figure5).5). Noteworthy, using the same statistical threshold, we did not
find any brain area showing a negative correlation between gray matter density and driving
proficiency index.

Figure 5
Correlation between mean VBM-values in retrosplenial cortex and driving proficiency.
In (A) is represented in red the portion of BA30 lying in the left parieto-occipital sulcus. This area
appears to be the one, among those showing functional and structural ...
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Discussion
In the present work, we used functional and structural MRI analyses to determine whether the
exceptional levels of driving performance achieved by professional racing-car drivers after years of
training and competitions are associated with distinctive brain functional and structural correlates as
compared to untrained naïve drivers. Notably, the use of both structural and functional approaches
in a single framework allowed us to look not only for specific differences between the two groups
under each aspect, but also for possible interactions between functional and anatomical changes. To
this aim, first, we compared patterns of brain activity and regional connectivity during a passive
driving task in the two groups. As expected, the comparison of the two experimental groups
revealed a more consistent functional recruitment of driving-related brain regions in professional
than in naïve drivers. Moreover, a VBM analysis revealed that some of these areas also present an
increased gray matter density, likely reflecting an association between the functional and structural
plastic brain modifications that support top performance racing skills.

Distinctive brain response modulation during passive driving in expert and naïve
drivers
In both professional and naïve car drivers, passive driving was associated with the recruitment of
various cortical and subcortical areas already identified by previous investigations aimed at defining
the functional correlates of driving (Walter et al., 2001; Calhoun et al., 2002; Graydon et al., 2004;
Horikawa et al., 2005; Jeong et al., 2006; Spiers and Maguire, 2007b; Mader et al., 2009; Calhoun
and Pearlson, 2012). These regions included bilateral areas devoted to visual processing (striate and
extrastriate cortex), superior and inferior parietal cortex, right dorsolateral prefrontal cortex and left
sensorimotor cortex. However, as predicted, professional and naïve drivers had substantially
different patterns of brain activity. In fact, while untrained naïve subjects showed a consistent
modulation of brain response mostly limited to visual brain areas, professional drivers were
characterized by greater BOLD signal synchronization in a number of additional cortical regions,
including bilateral cingulate cortex, parahippocampus, precuneus, motor/premotor areas,
dorsolateral prefrontal cortex, and middle temporal cortex. Most of these areas have been
previously related to different aspects of driving behavior, including vigilance, visuo-spatial
monitoring, and navigation, action preparation and motor control (Calhoun et al., 2002; Spiers and
Maguire, 2007b).
Moreover, the exploratory connectivity analysis revealed significant differences in task-related
regional interactions between the two experimental groups. In fact, professional drivers showed
higher correlation measures, as compared to naïve drivers, in a number of brain regions, including
prefrontal areas, anterior, and posterior cingulate cortex and basal ganglia. In particular, some of
these regions, including the orbitofrontal, dorsomedial prefrontal, superior prefrontal, motor, and
premotor cortical areas, were characterized by a high number of stronger functional couplings. On
the other hand, naïve drivers were characterized by higher correlation measures in regions devoted
to visual and spatial information processing. These findings are consistent with and reinforce the
results obtained using the ISC analysis, indicating a stronger functional coupling between cortical
areas involved in motor planning (e.g., premotor cortex, basal ganglia; Monchi et al., 2006; Spiers
and Maguire, 2007b), motor control (e.g., basal ganglia, primary motor cortex; Monchi et al., 2006)
and decision making (e.g., cingulate cortex, prefrontal cortex; Cohen et al., 2005; Rushworth et
al., 2007), in the professional drivers as compared to the naïve individuals. Interestingly, the basal
ganglia have been demonstrated to be fundamental in learning a new motor behavior and in
retrieving its representation after the skill has become fully automatized (Doyon et al., 2009). Thus,
our results show that, in racing-car drivers, cortical, and subcortical areas were actually exchanging
information and working synergically at a significantly higher degree during the passive driving
task, potentially retrieving, and representing information related to the acquired driving skills.
Overall, our results are consistent with previous findings in other expert groups, such as
professional dancers, indicating that during passive viewing tasks brain response is strongly
dependent on the expertise of the observer in the depicted activities (Calvo-Merino et
al., 2005, 2006; Kim et al., 2011). For instance, a stronger response in various brain areas has been
shown in expert archers as compared to untrained individuals, while they observed short movies
depicting movements that only the first group had been trained to perform (Kim et al., 2011).
Similar findings have been described using motor imagery paradigms, for example in skilled divers
required to imagine movements specifically related to their sport activity (Wei and Luo, 2010). In
line with these works, our results indicate that a specific motor expertise is required to obtain an
actual motor representation, rather than simply a mere visual motor representation (Calvo-Merino et
al., 2006). As a matter of fact, although both professional and naïve drivers may share the common

knowledge necessary for ordinary road driving, driving a racing-car implies a number of additional
skills, from the use of different controls to the management of braking and rapid accelerations.
Indeed, the lack of a direct experience in driving racing-cars probably prevented the control group
from attaining an actual motor representation, relegating the brain functional response to visual
areas. Put it in a simpler way, naïve individuals simply watched the race, while professional drivers
imagined themselves to race.
Brain functional modifications are associated with specific structural changes
Recent evidence indicates that brain modifications induced by expertise acquisition are not just
limited to the functional aspects, but are instead frequently associated with relevant anatomical
adaptations (Draganski and May, 2008; May, 2011). Interestingly, a study performed by Sagi et al.
(2012) demonstrated that just 2 h of practice with a driving simulator are sufficient to induce
structural changes detectable using diffusion tensor imaging (DTI; Assaf and Pasternak, 2008). In
particular, while the functional brain response was not investigated in their work, most of observed
modifications involved areas previously associated with driving behavior and spatial navigation
(Sagi et al., 2012). Given these premises, one could expect to find distinctive structural correlates in
individuals exposed to many years of specific trainings and extreme competitive conditions, such as
those present in high-speed car-racing championships.
As a matter of fact, by comparing brain anatomy of professional and naïve car drivers we identified,
in the former group, various areas characterized by increased gray matter density. These regions
included basal ganglia, sensory-motor cortex, inferior frontal gyrus, retrosplenial cortex,
fusiform/lingual gyrus and parahippocampus. A joint analysis between structural and functional
results revealed that some of these areas—such as the bilateral posterior cingulate and retrosplenial
cortex, left parahippocampus, left thalamus, left caudate nucleus, right lentiform nucleus, and right
inferior frontal gyrus -, also showed a stronger degree of activation in professional as compared to
naïve drivers during the passive-driving task. Interestingly, these structures have been associated
with different aspects that may be relevant for driving behavior. In particular, the basal ganglia and
the inferior frontal gyrus are known to be involved in execution and control of motor acts (Aron et
al., 2004; Forstmann et al., 2008; Arsalidou et al., 2013), and their modification may indicate the
acquisition of a specific motor repertoire and/or an increased ability in attaining accurate and timely
motor reactions. On the other hand, other areas, including the retrosplenial and posterior cingulate
cortex, and the parahippocampal gyrus, have been associated with spatial memory and navigation
(Epstein, 2008; Shipman and Astur, 2008). Moreover, we also found the gray matter volume of the
retrosplenial cortex to be specifically correlated with the level of proficiency in racing competitions,
as expressed by the number of podia obtained with respect to the total number of races. This brain
area, together with the hippocampus, is particularly important for the generation and retrieval of
observer-independent spatial maps (i.e., allocentric spatial referencing) (Burgess, 2008; Vann et
al., 2009; Galati et al., 2010; Wolbers and Hegarty, 2010; Sulpizio et al., 2013). In fact, several
studies in both animal models (Sutherland et al., 1988; Vann et al., 2003; Harker and
Whishaw, 2004) and human patients with lesions of the retrosplenial cortex (Takahashi et al., 1997;
Ino et al., 2007) have demonstrated that this region is necessary for a correct spatial navigation
through previously explored environments. Hence, it is tempting to speculate that the retrosplenial
cortex might be involved in the storage of mental spatial maps of the racing tracks, and that the
more prominent recruitment of this region in professional than in naïve drivers during the passivedriving task may depend on the retrieval of navigational information related to each circuit. This
hypothesis is also consistent with a previous finding by Wolbers and Buchel (Wolbers and
Buchel, 2005), who reported that retrosplenial activity during navigational learning in a virtual-

reality town increased in parallel with the subject survey knowledge about the town. In this
perspective, drivers characterized by a more developed retrosplenial cortex (either due to a genetic
predisposition, or to plastic changes induced by years of practice or, more likely, to both) could be
capable of obtaining the better spatial representation of a circuit and may be able to determine the
optimal racing strategy. For instance, they could determine the best trait of the circuit for an
overtaking, and thus may have more chances to win when competing against racers with a less
efficient navigational representation.
Methodological considerations
Functional MRI analyses described in the present work were based on data collected during a
passive driving task in which subjects were presented with short movies depicting a Formula One
car racing in different official circuits and imagined themselves driving the car. While an active task
would resemble somehow more closely the actual driving competition environment, the use of a
passive task offered important advantages, including the need of a much simpler technical
equipment than a MRI compatible driving simulator, the possibility to minimize artifacts associated
with movements in the scanner (Spiers and Maguire, 2007a) as well as to avoid potential
confounding factors related to the different skill levels of the experimental groups (Poldrack, 2000).
With regards to the latter issue, preliminary behavioral observations obtained using a Formula One
driving simulator available at Formula Medicine in Viareggio, clearly indicated that naïve drivers
experience major difficulties in driving a racing-car even in a simulated environment, making it
impossible to use an active task if not only after a very extensive training.
In spite of the described advantages, the use of a passive task may be considered as a potential
limitation for the present study, as one can object that observed differences between the two groups
could simply be due to differences in the levels of attention and/or emotional participation. In
addition, the driving video-clips were recorded on Formula One official circuits that were relatively
familiar for most of the included racing-car drivers. Although we have no data from our subjects to
directly exclude the role of attention levels, emotional response or familiarity, an involvement of
these factors in determining the brain functional results is unlikely. In fact, both groups paid a great
attention during the passive-driving task, as shown by the strong activation in the visual cortical
areas, that is known to be modulated by attention to the task (Martinez et al., 2001), and as
confirmed by the debriefing of participants upon completion of the study. Moreover, a previous
study that evaluated the role of familiarity with a particular route in modulating cerebral activations
during a passive-driving task demonstrated that brain response was higher in the sample with no
direct experience on the specific track (Mader et al., 2009). The authors suggested that this may
depend on a reduction in the levels of effort and attention needed to drive on known routes in more
expert individuals. In this perspective, their findings support the exclusion of a major role of the
attention level in determining results described in the present work. However, it will be important
for future studies to specifically evaluate the potential contribution of familiarity in determining
some of the differences between racing-car drivers and naïve drivers, for instance by including a
control condition based on video-clips depicting a car running on non-official circuits. On the same
line, the additional inclusion of standardized neuropsychological tests could have helped excluding
the influence of other potential confounding factors that were not explored in the present study,
such as general intelligence or level of education.
Finally, while the number of subjects included in the present work may appear to be relatively
limited in light of the current standards for fMRI experiments and structural analyses
(Friston, 2012), it should be kept in mind the exceptionality of the athletes sample, as the number of

professional racing-car drivers with experience in Formula One, or other top level championships,
is very limited to begin with, and comprises individuals who spend most of their time around the
world, so that the recruitment of individuals who agree to travel to a research center to undergo
testing—including MRI scan exams—is quite challenging. Furthermore, we posed quite restrictive
inclusion criteria, so that subjects with any history of head trauma or accident or any other relevant
medical condition would not be eligible for the study. It should be also emphasized that the
consistency of results obtained using different analysis approaches, and the agreement with findings
described by previous studies, including our own previous report (Bernardi et al., 2013), support the
reliability of described functional and structural differences, despite the relatively limited number of
participants.
Conclusions
The present study demonstrated that during a passive racing-car driving task, professional and naïve
drivers are characterized by different patterns of brain response, with a significantly greater
involvement of areas devoted to motor control and visuo-spatial navigation in the first group and a
prevalent focus on visual cortex in the naïve individuals. These results indicate that exceptional
driving abilities may require the acquisition of a specific behavioral and functional motor repertoire
that is different from the one associated with common “every day driving.” In addition, professional
drivers revealed a significantly increased gray matter density in brain areas involved in motor
planning/execution and spatial navigation, which have a clear potential relevance for a high-speed
driving behavior. Of particular interest, among areas showing concomitant functional and
anatomical changes, the retrosplenial cortex also showed a significant correlation with the driving
proficiency in professional drivers. Finally, from a wider methodological perspective, these results
support the reliability of approaches based on ISC analysis in studying driving behavior or other
complex human behaviors. Indeed, this data driven method may be extremely useful when complex
naturalistic stimuli are involved, as in the case of video-clips depicting sport-related activities.
In summary, in line with our previous observations (Bernardi et al., 2013), the present results
indicate that although both professional and naïve drivers share the basic knowledge and experience
needed for a common driving behavior, the specific expertise attained with high-speed racing-cars
is associated with distinctive functional and structural correlates that sustain exceptional driving
skills. To what extent such distinctive features in the brain morphological and functional
architecture are a consequence of the intensive training undergone by professional drivers or rather
precede and favor the achievement of their exceptional skills, cannot be resolved by cross-sectional
studies. Brain studies in larger populations before and after intensive training will likely shed some
light on this nature vs. nurture specific question.
Conflict of interest statement
Formula Medicine is a profit organization that provides training-facilities and medical assistance for
professional drivers. Riccardo Ceccarelli was paid employees of Formula Medicine at the time of
data acquisition, and was directly involved in car racers recruitment and preliminary screening. No
financial funding was received from Formula Medicine for this study.
Go to:

Acknowledgments

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, Italy) coordinated by Massimo
Lombardi and the staff at the Formula Medicine® group in Viareggio, Lucca. This study was
supported in part by a grant from the Fondazione Cassa di Risparmio di Lucca (Lucca, Italy).
Go to:

Supplementary material
The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fnhum.2014.00888/abstract
Click here for additional data file.(26K, DOCX)
Click here for additional data file.(33K, DOCX)
Click here for additional data file.(26K, DOCX)
Go to:

References
1. Andersson J. L., Jenkinson M., Smith S. (2007). Non-linear Registration, aka Spatial
Normalisation FMRIB Technical Report TR07JA2. FMRIB Analysis Group of the
University of Oxford. Available online
at: http://fmrib.medsci.ox.ac.uk/analysis/techrep/tr07ja2/tr07ja2.pdf
2. Aron A. R., Robbins T. W., Poldrack R. A. (2004). Inhibition and the right inferior frontal
cortex. Trends Cogn. Sci. 8, 170–177. 10.1016/j.tics.2004.02.010 [PubMed] [Cross Ref]
3. Arsalidou M., Duerden E. G., Taylor M. J. (2013). The centre of the brain: topographical
model of motor, cognitive, affective, and somatosensory functions of the basal
ganglia. Hum. Brain Mapp. 34, 3031–3054. 10.1002/hbm.22124 [PubMed] [Cross Ref]
4. Ashburner J., Friston K. J. (2000). Voxel-based morphometry—the
methods. Neuroimage 11, 805–821. 10.1006/nimg.2000.0582 [PubMed] [Cross Ref]
5. Assaf Y., Pasternak O. (2008). Diffusion tensor imaging (DTI)-based white matter mapping
in brain research: a review. J. Mol. Neurosci. 34, 51–61. 10.1007/s12031-007-00290 [PubMed] [Cross Ref]
6. Benjamini Y., Hochberg Y. (1995). Controlling the false discovery rate—a practical and
powerful approach to multiple testing. J. R. Stat. Soc. B 57, 289–300.
7. Bernardi G., Ricciardi E., Sani L., Gaglianese A., Papasogli A., Ceccarelli R., et al. .
(2013). How skill expertise shapes the brain functional architecture: an fMRI study of visuospatial and motor processing in professional racing-car and naïve drivers. PLoS
ONE 8:e77764. 10.1371/journal.pone.0077764 [PMC free article] [PubMed] [Cross Ref]
8. Birn R. M., Diamond J. B., Smith M. A., Bandettini P. A. (2006). Separating respiratoryvariation-related fluctuations from neuronal-activity-related fluctuations in
fMRI. Neuroimage 31, 1536–1548. 10.1016/j.neuroimage.2006.02.048 [PubMed] [Cross
Ref]
9. Brancucci A. (2012). Neural correlates of cognitive ability. J. Neurosci. Res. 90, 1299–1309.
10.1002/jnr.23045 [PubMed] [Cross Ref]
10. Burgess N. (2008). Spatial cognition and the brain. Ann. N.Y. Acad. Sci. 1124, 77–97.
10.1196/annals.1440.002 [PubMed] [Cross Ref]

11. Calhoun V. D., Pearlson G. D. (2012). A selective review of simulated driving studies:
combining naturalistic and hybrid paradigms, analysis approaches, and future
directions. Neuroimage 59, 25–35. 10.1016/j.neuroimage.2011.06.037 [PMC free
article] [PubMed] [Cross Ref]
12. Calhoun V. D., Pekar J. J., Mcginty V. B., Adali T., Watson T. D., Pearlson G. D.
(2002). Different activation dynamics in multiple neural systems during simulated
driving. Hum. Brain Mapp. 16, 158–167. 10.1002/hbm.10032 [PubMed] [Cross Ref]
13. Calvo-Merino B., Glaser D. E., Grezes J., Passingham R. E., Haggard P. (2005). Action
observation and acquired motor skills: an fMRI study with expert dancers. Cereb. Cortex 15,
1243–1249. 10.1093/cercor/bhi007 [PubMed] [Cross Ref]
14. Calvo-Merino B., Grezes J., Glaser D. E., Passingham R. E., Haggard P. (2006). Seeing or
doing? Influence of visual and motor familiarity in action observation. Curr. Biol. 16, 1905–
1910. 10.1016/j.cub.2006.07.065 [PubMed] [Cross Ref]
15. Cantlon J. F., Li R. (2013). Neural activity during natural viewing of Sesame Street
statistically predicts test scores in early childhood. PLoS Biol. 11:e1001462.
10.1371/journal.pbio.1001462 [PMC free article] [PubMed] [Cross Ref]
16. Chang Y. (2014). Reorganization and plastic changes of the human brain associated with
skill learning and expertise. Front. Hum. Neurosci. 8:35. 10.3389/fnhum.2014.00035 [PMC
free article][PubMed] [Cross Ref]
17. Chang Y., Lee J. J., Seo J. H., Song H. J., Kim Y. T., Lee H. J., et al. . (2011). Neural
correlates of motor imagery for elite archers. NMR Biomed. 24, 366–372.
10.1002/nbm.1600 [PubMed][Cross Ref]
18. Chein J. M., 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. 10.1016/j.cogbrainres.2005.08.013 [PubMed] [Cross Ref]
19. Cohen M. X., Heller A. S., Ranganath C. (2005). Functional connectivity with anterior
cingulate and orbitofrontal cortices during decision-making. Brain Res. Cogn. Brain
Res. 23, 61–70. 10.1016/j.cogbrainres.2005.01.010 [PubMed] [Cross Ref]
20. Cox R. W. (1996). AFNI: software for analysis and visualization of functional magnetic
resonance neuroimages. Comput. Biomed. Res. 29, 162–173.
10.1006/cbmr.1996.0014 [PubMed] [Cross Ref]
21. Cox R. W. (2012). AFNI: what a long strange trip it's been. Neuroimage 62, 743–747.
10.1016/j.neuroimage.2011.08.056 [PMC free article] [PubMed] [Cross Ref]
22. Cross E. S., Hamilton A. F., Grafton S. T. (2006). Building a motor simulation de novo:
observation of dance by dancers. Neuroimage 31, 1257–1267.
10.1016/j.neuroimage.2006.01.033 [PMC free article] [PubMed] [Cross Ref]
23. Del Percio C., Babiloni C., Bertollo M., Marzano N., Iacoboni M., Infarinato F., et al. .
(2009). Visuo-attentional and sensorimotor alpha rhythms are related to visuo-motor
performance in athletes. Hum. Brain Mapp. 30, 3527–3540.
10.1002/hbm.20776 [PubMed] [Cross Ref]
24. Di Paola M., Caltagirone C., Petrosini L. (2013). Prolonged rock climbing activity induces
structural changes in cerebellum and parietal lobe. Hum. Brain Mapp. 34, 2707–2714.
10.1002/hbm.22095[PubMed] [Cross Ref]
25. Doyon J., Bellec P., Amsel R., Penhune V., Monchi O., Carrier J., et al. .
(2009). Contributions of the basal ganglia and functionally related brain structures to motor
learning. Behav. Brain Res. 199, 61–75. 10.1016/j.bbr.2008.11.012 [PubMed] [Cross Ref]

26. Draganski B., Gaser C., Busch V., Schuierer G., Bogdahn U., May A.
(2004). Neuroplasticity: changes in grey matter induced by training. Nature 427, 311–312.
10.1038/427311a [PubMed][Cross Ref]
27. Draganski B., May A. (2008). Training-induced structural changes in the adult human
brain. Behav. Brain Res. 192, 137–142. 10.1016/j.bbr.2008.02.015 [PubMed] [Cross Ref]
28. Eickhoff S. B., Stephan K. E., Mohlberg H., Grefkes C., Fink G. R., Amunts K., et al. .
(2005). A new SPM toolbox for combining probabilistic cytoarchitectonic maps and
functional imaging data. Neuroimage 25, 1325–1335.
10.1016/j.neuroimage.2004.12.034 [PubMed] [Cross Ref]
29. Epstein R. A. (2008). Parahippocampal and retrosplenial contributions to human spatial
navigation. Trends Cogn. Sci. 12, 388–396. 10.1016/j.tics.2008.07.004 [PMC free
article] [PubMed] [Cross Ref]
30. Fonov V. S., Evans A. C., Mckinstry R. C., Almli C. R., Collins D. L. (2009). Unbiased
nonlinear average age-appropriate brain templates from birth to
adulthood. Neuroimage 47(Suppl. 1), S102 10.1016/S1053-8119(09)70884-5 [Cross Ref]
31. Forstmann B. U., Jahfari S., Scholte H. S., Wolfensteller U., Van Den Wildenberg W. P.,
Ridderinkhof K. R. (2008). Function and structure of the right inferior frontal cortex predict
individual differences in response inhibition: a model-based approach. J. Neurosci. 28,
9790–9796. 10.1523/JNEUROSCI.1465-08.2008 [PubMed] [Cross Ref]
32. Friston K. (2012). Ten ironic rules for non-statistical reviewers. Neuroimage 61, 1300–1310.
10.1016/j.neuroimage.2012.04.018 [PubMed] [Cross Ref]
33. Galati G., Pelle G., Berthoz A., Committeri G. (2010). Multiple reference frames used by
the human brain for spatial perception and memory. Exp. Brain Res. 206, 109–120.
10.1007/s00221-010-2168-8 [PubMed] [Cross Ref]
34. Garrett D. D., Kovacevic N., Mcintosh A. R., Grady C. L. (2010). Blood oxygen leveldependent signal variability is more than just noise. J. Neurosci. 30, 4914–4921.
10.1523/JNEUROSCI.5166-09.2010 [PubMed] [Cross Ref]
35. Gaser C., Schlaug G. (2003a). Brain structures differ between musicians and nonmusicians. J. Neurosci. 23, 9240–9245. [PubMed]
36. Gaser C., Schlaug G. (2003b). Gray matter differences between musicians and
nonmusicians. Ann. N.Y. Acad. Sci. 999, 514–517.
10.1196/annals.1284.062 [PubMed] [Cross Ref]
37. Gazzola V., Keysers C. (2009). The observation and execution of actions share motor and
somatosensory voxels in all tested subjects: single-subject analyses of unsmoothed fMRI
data. Cereb. Cortex 19, 1239–1255. 10.1093/cercor/bhn181 [PMC free
article] [PubMed] [Cross Ref]
38. Good C. D., Johnsrude I. S., Ashburner J., Henson R. N., Friston K. J., Frackowiak R. S.
(2001). A voxel-based morphometric study of ageing in 465 normal adult human
brains. Neuroimage 14, 21–36. 10.1006/nimg.2001.0786 [PubMed] [Cross Ref]
39. Graydon F. X., Young R., Benton M. D., Genik R. J., Posse S., Hsieh L., et al.
(2004). Visual event detection during simulated driving: identifying the neural correlates
with functional neuroimaging. Trans. Res. Part F-Traffic Psychol. Behav. 7, 271–286
10.1016/j.trf.2004.09.006 [Cross Ref]
40. Harker K. T., Whishaw I. Q. (2004). Impaired place navigation in place and matching-toplace swimming pool tasks follows both retrosplenial cortex lesions and cingulum bundle
lesions in rats. Hippocampus 14, 224–231. 10.1002/hipo.10159 [PubMed] [Cross Ref]
41. Haslinger B., Erhard P., Altenmuller E., Hennenlotter A., Schwaiger M., Grafin Von
Einsiedel H., et al. . (2004). Reduced recruitment of motor association areas during

bimanual coordination in concert pianists. Hum. Brain Mapp. 22, 206–215.
10.1002/hbm.20028 [PubMed] [Cross Ref]
42. Hasson U., Avidan G., Gelbard H., Vallines I., Harel M., Minshew N., et al. . (2009). Shared
and idiosyncratic cortical activation patterns in autism revealed under continuous real-life
viewing conditions. Autism Res. 2, 220–231. 10.1002/aur.89 [PMC free
article] [PubMed] [Cross Ref]
43. Hasson U., Malach R., Heeger D. J. (2010). Reliability of cortical activity during natural
stimulation. Trends Cogn. Sci. 14, 40–48. 10.1016/j.tics.2009.10.011 [PMC free
article] [PubMed] [Cross Ref]
44. Hasson U., Nir Y., Levy I., Fuhrmann G., Malach R. (2004). Intersubject synchronization of
cortical activity during natural vision. Science 303, 1634–1640.
10.1126/science.1089506 [PubMed][Cross Ref]
45. Herholz S. C., Zatorre R. J. (2012). Musical training as a framework for brain plasticity:
behavior, function, and structure. Neuron 76, 486–502.
10.1016/j.neuron.2012.10.011 [PubMed] [Cross Ref]
46. Horikawa E., Okamura N., Tashiro M., Sakurada Y., Maruyama M., Arai H., et al. .
(2005). The neural correlates of driving performance identified using positron emission
tomography. Brain Cogn. 58, 166–171. 10.1016/j.bandc.2004.10.002 [PubMed] [Cross Ref]
47. Ino T., Doi T., Hirose S., Kimura T., Ito J., Fukuyama H. (2007). Directional disorientation
following left retrosplenial hemorrhage: a case report with fMRI studies. Cortex 43, 248–
254. 10.1016/S0010-9452(08)70479-9 [PubMed] [Cross Ref]
48. Jaaskelainen I. P., Koskentalo K., Balk M. H., Autti T., Kauramaki J., Pomren C., et al. .
(2008). Inter-subject synchronization of prefrontal cortex hemodynamic activity during
natural viewing. Open Neuroimag. J. 2, 14–19. 10.2174/1874440000802010014 [PMC free
article] [PubMed][Cross Ref]
49. Jancke L. (2009a). Music drives brain plasticity. F1000 Biol. Rep. 1:78. 10.3410/B178 [PMC free article] [PubMed] [Cross Ref]
50. Jancke L. (2009b). The plastic human brain. Restor. Neurol. Neurosci. 27, 521–538.
10.3233/RNN-2009-0519 [PubMed] [Cross Ref]
51. Jancke L., Shah N. J., 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. 10.1016/S0926-6410(00)00028-8 [PubMed] [Cross Ref]
52. Jeong M., Tashiro M., Singh L. N., Yamaguchi K., Horikawa E., Miyake M., et al. .
(2006). Functional brain mapping of actual car-driving using [18F]FDG-PET. Ann. Nucl.
Med. 20, 623–628. 10.1007/BF02984660 [PubMed] [Cross Ref]
53. Kauppi J. P., Jaaskelainen I. P., Sams M., Tohka J. (2010). Inter-subject correlation of brain
hemodynamic responses during watching a movie: localization in space and
frequency. Front. Neuroinform. 4:5. 10.3389/fninf.2010.00005 [PMC free
article] [PubMed] [Cross Ref]
54. Kelly A. M., Garavan H. (2005). Human functional neuroimaging of brain changes
associated with practice. Cereb. Cortex 15, 1089–1102.
10.1093/cercor/bhi005 [PubMed] [Cross Ref]
55. Kim J., Lee H. M., Kim W. J., Park H. J., Kim S. W., Moon D. H., et al. . (2008). Neural
correlates of pre-performance routines in expert and novice archers. Neurosci. Lett. 445,
236–241. 10.1016/j.neulet.2008.09.018 [PubMed] [Cross Ref]
56. Kim Y. T., Seo J. H., Song H. J., Yoo D. S., Lee H. J., Lee J., et al. . (2011). Neural
correlates related to action observation in expert archers. Behav. Brain Res. 223, 342–347.
10.1016/j.bbr.2011.04.053[PubMed] [Cross Ref]

57. Leo A., Bernardi G., Handjaras G., Bonino D., Ricciardi E., Pietrini P. (2012). Increased
BOLD variability in the parietal cortex and enhanced parieto-occipital connectivity during
tactile perception in congenitally blind individuals. Neural Plast. 2012:720278.
10.1155/2012/720278 [PMC free article] [PubMed] [Cross Ref]
58. Lund T. E., Madsen K. H., Sidaros K., Luo W. L., Nichols T. E. (2006). Non-white noise in
fMRI: does modelling have an impact? Neuroimage 29, 54–66.
10.1016/j.neuroimage.2005.07.005[PubMed] [Cross Ref]
59. Mader M., Bresges A., Topal R., Busse A., Forsting M., Gizewski E. R. (2009). Simulated
car driving in fMRI–Cerebral activation patterns driving an unfamiliar and a familiar
route. Neurosci. Lett. 464, 222–227. 10.1016/j.neulet.2009.08.056 [PubMed] [Cross Ref]
60. Martinez A., Di Russo F., Anllo-Vento L., Sereno M. I., Buxton R. B., Hillyard S. A.
(2001). Putting spatial attention on the map: timing and localization of stimulus selection
processes in striate and extrastriate visual areas. Vision Res. 41, 1437–1457.
10.1016/S0042-6989(00)00267-4 [PubMed][Cross Ref]
61. May A. (2011). Experience-dependent structural plasticity in the adult human brain. Trends
Cogn. Sci. 15, 475–482. 10.1016/j.tics.2011.08.002 [PubMed] [Cross Ref]
62. May A., Hajak G., Ganssbauer S., Steffens T., Langguth B., Kleinjung T., et al. .
(2007). Structural brain alterations following 5 days of intervention: dynamic aspects of
neuroplasticity. Cereb. Cortex17, 205–210. 10.1093/cercor/bhj138 [PubMed] [Cross Ref]
63. Milton J., Solodkin A., Hlustik P., Small S. L. (2007). The mind of expert motor
performance is cool and focused. Neuroimage 35, 804–813.
10.1016/j.neuroimage.2007.01.003 [PubMed] [Cross Ref]
64. Monchi O., Petrides M., Strafella A. P., Worsley K. J., Doyon J. (2006). Functional role of
the basal ganglia in the planning and execution of actions. Ann. Neurol. 59, 257–264.
10.1002/ana.20742[PubMed] [Cross Ref]
65. 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.
10.1016/j.brainresrev.2009.11.006 [PubMed] [Cross Ref]
66. Nichols T., Hayasaka S. (2003). Controlling the familywise error rate in functional
neuroimaging: a comparative review. Stat. Methods Med. Res. 12, 419–446.
10.1191/0962280203sm341ra [PubMed][Cross Ref]
67. Nummenmaa L., Glerean E., Viinikainen M., Jääskeläinen I. P., Hari R., Sams M.
(2012). Emotions promote social interaction by synchronizing brain activity across
individuals. Proc. Natl. Acad. Sci.U.S.A. 109, 9599–9604. 10.1073/pnas.1206095109 [PMC
free article] [PubMed] [Cross Ref]
68. Pajula J., Kauppi J. P., Tohka J. (2012). Inter-subject correlation in fMRI: method validation
against stimulus-model based analysis. PLoS ONE 7:e41196.
10.1371/journal.pone.0041196 [PMC free article] [PubMed] [Cross Ref]
69. Patel R., Spreng R. N., Turner G. R. (2013). Functional brain changes following cognitive
and motor skills training: a quantitative meta-analysis. Neurorehabil. Neural Repair 27, 187–
199. 10.1177/1545968312461718 [PubMed] [Cross Ref]
70. Poldrack R. A. (2000). Imaging brain plasticity: conceptual and methodological issues–a
theoretical review. Neuroimage 12, 1–13. 10.1006/nimg.2000.0596 [PubMed] [Cross Ref]
71. Ricciardi E., Handjaras G., Bernardi G., Pietrini P., Furey M. L. (2013). Cholinergic
enhancement reduces functional connectivity and BOLD variability in visual extrastriate
cortex during selective attention. Neuropharmacology 64, 305–313.
10.1016/j.neuropharm.2012.07.003 [PMC free article][PubMed] [Cross Ref]

72. Roberts R. E., Anderson E. J., Husain M. (2010). Expert cognitive control and individual
differences associated with frontal and parietal white matter microstructure. J. Neurosci. 30,
17063–17067. 10.1523/JNEUROSCI.4879-10.2010 [PMC free article] [PubMed] [Cross
Ref]
73. Rushworth M. F., Behrens T. E., Rudebeck P. H., Walton M. E. (2007). Contrasting roles
for cingulate and orbitofrontal cortex in decisions and social behaviour. Trends Cogn.
Sci. 11, 168–176. 10.1016/j.tics.2007.01.004 [PubMed] [Cross Ref]
74. Sagi Y., Tavor I., Hofstetter S., Tzur-Moryosef S., Blumenfeld-Katzir T., Assaf Y.
(2012). Learning in the fast lane: new insights into neuroplasticity. Neuron 73, 1195–1203.
10.1016/j.neuron.2012.01.025 [PubMed] [Cross Ref]
75. Seo J., Kim Y. T., Song H. J., Lee H. J., Lee J., Jung T. D., 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.
10.1016/j.bbr.2012.01.019 [PubMed] [Cross Ref]
76. Shipman S. L., Astur R. S. (2008). Factors affecting the hippocampal BOLD response
during spatial memory. Behav. Brain Res. 187, 433–441.
10.1016/j.bbr.2007.10.014 [PubMed] [Cross Ref]
77. Smith S. M. (2002). Fast robust automated brain extraction. Hum. Brain Mapp. 17, 143–
155. 10.1002/hbm.10062 [PubMed] [Cross Ref]
78. Smith S. M., Jenkinson M., Woolrich M. W., Beckmann C. F., Behrens T. E., JohansenBerg H., et al. . (2004). Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage 23(Suppl. 1), S208–S219.
10.1016/j.neuroimage.2004.07.051 [PubMed] [Cross Ref]
79. Smith S. M., Nichols T. E. (2009). Threshold-free cluster enhancement: addressing
problems of smoothing, threshold dependence and localisation in cluster
inference. Neuroimage 44, 83–98. 10.1016/j.neuroimage.2008.03.061 [PubMed] [Cross Ref]
80. Spiers H. J., Maguire E. A. (2007a). Decoding human brain activity during real-world
experiences. Trends Cogn. Sci. 11, 356–365. 10.1016/j.tics.2007.06.002 [PubMed] [Cross
Ref]
81. Spiers H. J., Maguire E. A. (2007b). Neural substrates of driving behaviour. Neuroimage 36,
245–255. 10.1016/j.neuroimage.2007.02.032 [PMC free article] [PubMed] [Cross Ref]
82. Sulpizio V., Committeri G., Lambrey S., Berthoz A., Galati G. (2013). Selective role of
lingual/parahippocampal gyrus and retrosplenial complex in spatial memory across
viewpoint changes relative to the environmental reference frame. Behav. Brain Res. 242,
62–75. 10.1016/j.bbr.2012.12.031 [PubMed] [Cross Ref]
83. Sutherland R. J., Whishaw I. Q., Kolb B. (1988). Contributions of cingulate cortex to two
forms of spatial learning and memory. J. Neurosci. 8, 1863–1872. [PubMed]
84. Takahashi N., Kawamura M., Shiota J., Kasahata N., Hirayama K. (1997). Pure topographic
disorientation due to right retrosplenial lesion. Neurology 49, 464–469.
10.1212/WNL.49.2.464[PubMed] [Cross Ref]
85. Talairach J., Tournoux P. (1988). Co-planar Stereotaxic Atlas of the Human Brain. New
York, NY: Thieme Medical Publishers.
86. Vann S. D., Aggleton J. P., Maguire E. A. (2009). What does the retrosplenial cortex
do? Nat. Rev. Neurosci. 10, 792–802. 10.1038/nrn2733 [PubMed] [Cross Ref]
87. Vann S. D., Kristina Wilton L. A., Muir J. L., Aggleton J. P. (2003). Testing the importance
of the caudal retrosplenial cortex for spatial memory in rats. Behav. Brain Res. 140, 107–
118. 10.1016/S0166-4328(02)00274-7 [PubMed] [Cross Ref]

88. Walter H., Vetter S. C., Grothe J., Wunderlich A. P., Hahn S., Spitzer M. (2001). The neural
correlates of driving. Neuroreport 12, 1763–1767. 10.1097/00001756-20010613000049 [PubMed][Cross Ref]
89. 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.
10.1016/j.brainres.2009.08.014 [PubMed][Cross Ref]
90. Wei G., Zhang Y., Jiang T., Luo J. (2011). Increased cortical thickness in sports experts: a
comparison of diving players with the controls. PLoS ONE 6:e17112.
10.1371/journal.pone.0017112 [PMC free article] [PubMed] [Cross Ref]
91. Wolbers T., Buchel C. (2005). Dissociable retrosplenial and hippocampal contributions to
successful formation of survey representations. J. Neurosci. 25, 3333–3340.
10.1523/JNEUROSCI.4705-04.2005 [PubMed] [Cross Ref]
92. Wolbers T., Hegarty M. (2010). What determines our navigational abilities? Trends Cogn.
Sci. 14, 138–146. 10.1016/j.tics.2010.01.001 [PubMed] [Cross Ref]
93. World Medical Association. (2008). World Medical Association Declaration of Helsinki:
Ethical Principles for Medical Research Involving Human Subjects. Available online
at: http://www.wma.net/en/30publications/10policies/b3/
94. Yarrow K., Brown P., Krakauer J. W. (2009). Inside the brain of an elite athlete: the neural
processes that support high achievement in sports. Nat. Rev. Neurosci. 10, 585–596.
10.1038/nrn2672[PubMed] [Cross Ref]
95. Zhang Y., Brady M., Smith S. (2001). Segmentation of brain MR images through a hidden
Markov random field model and the expectation-maximization algorithm. IEEE Trans. Med.
Imaging 20, 45–57. 10.1109/42.906424 [PubMed] [Cross Ref]

