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Abstract

Neuroimaging studies support the involvement of the cerebello-cortical and striato-cortical motor 

loops in motor sequence learning. Here, we investigated whether the gain of motor sequence 

learning could depend on a priori resting-state functional connectivity (rsFC) between motor 
areas and structures belonging to these circuits. Fourteen healthy subjects underwent a resting-

state fMRI session. Afterward, they were asked to reproduce a verbally-learned sequence of finger 

opposition movements as fast and accurate as possible. All subjects increased their movement rate 

with practice, by reducing touch duration and/or inter tapping interval. The rsFC analysis showed 

that at rest left and right M1 and left and right supplementary motor cortex (SMA) were mainly 

connected with other motor areas. The covariate analysis taking into account the different 

kinematic parameters indicated that the subjects achieving greater movement rate increase were 

those showing stronger rsFC of the left M1 and SMA with the right lobule VIII of the cerebellum. 

Notably, the subjects with greater inter tapping interval reduction showed stronger rsFC of the left 

M1 and SMA with the association nuclei of the thalamus. Conversely, the regression analysis with 

the right M1 and SMA seeds showed only few significant clusters for the different covariates not 

located in the cerebellum and thalamus. No common clusters were found between right M1 and 

SMA. All these findings indicate important functional connections at rest of those neural circuits 
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responsible of motor learning improvement, involving the motor areas related to the hemisphere 

directly controlling the finger movements, the thalamus and the cerebellum.
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Introduction

One of the key aspects of motor learning is the ability to combine sequences of discrete 

movements into a well articulated, eventually automated behavior (motor sequence learning) 

(Ashe et al., 2006; Doyon et al., 2009; Moisello et al., 2011). Neuroimaging studies in 

humans have demonstrated the involvement of the cerebello-cortical and striato-cortical 

motor loops in the course of motor sequence learning (Doyon & Benali, 2005). Further, 

some behavioral studies have reported that a number of movement transitions embedded 

within the motor sequence can differently benefit from practice (Kuriyama et al., 2004; 

Sheth et al., 2008). In a recent study combining behavior and event-related functional 

magnetic resonance imaging (fMRI), Orban and colleagues investigated how changes in 

elementary parameters of single movements may affect the behavioral manifestation and 

brain mechanisms engaged during the course of finger motor sequence learning (Orban et 

al., 2011). They demonstrated that partially overlapping and segregated brain networks are 

associated with the improvement in performance on two distinct kinematic indices: velocity 

and transition. Specifically, the primary motor cortex (M1) and the anterior spinocerebellum 

preferentially contribute to performance changes in the velocity of the sequential single 

movements, whereas the anterior neocerebellum, the putamen, and a larger extent of the 

frontal motor cortex mediate the improvements in transition that is the time interval between 

individual movements. The temporal synchronization of neural activity between 

anatomically separated brain regions is known as functional connectivity (FC) (Aertsen et 

al., 1989; Friston et al., 1993) and has been investigated by the coherence between brain 

regions measured on resting-state fMRI (rs-fMRI) time-series (Biswal et al., 1995; Lowe et 

al., 2000; Xiong et al., 1999). It has been proposed that the resting brain actively and 

selectively processes previous experiences (Miall & Jackson, 2006), playing a key role in 

neuronal plasticity. Indeed, it has been shown that a motor learning task can modulate 

resting-state activity (Albert et al., 2009; Sami & Miall, 2013; Vahdat et al., 2011). In this 

context, we asked whether the FC of resting-state networks (resting-state functional 

connectivity - rsFC) related to the cerebello-cortical and striato-cortical motor loops might 

influence the accomplishment of motor sequence learning and even the adopted strategy, in 

terms of kinematics processes.

To investigate our hypothesis, a group of healthy subjects was recruited and asked to 

perform a motor learning task based on a sequence of finger opposition movements 

immediately after an rsfMRI session. The rsFC analysis was conducted with a “seed voxel” 

method by using four different seeds: the left and right M1 and the left and right 

supplementary motor area (SMA), which have been found to be included in the circuits 
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dealing with velocity and transition processes in motor sequence learning (Orban et al., 

2011).

Following the Doyon and Ungerleider's model indicating that the cortico-cerebellum loop is 

most actively involved in early sequence learning (Doyon et al., 2003), we hypothesized that 

the gain of motor sequence learning is higher in those subjects showing stronger rsFC 

between the motor areas and the cerebellum, and that separate regions of the cerebellum 

can be identified as a function of the specific aspect of the motor skill.

Materials and methods

Subjects

Fourteen healthy volunteers (7 females and 7 males; mean age = 30.0 ± 2.4 years), with no 

history of neurological or psychiatric disorders, were included in this study. All subjects 

were right-handed and naïve to the purpose of the study; musicians and professional typists 

were excluded due to preexisting skills requiring highly coordinated finger dexterity. 

Approval for this study was obtained from the Mount Sinai's Institutional Review Board and 

informed consent was obtained from all subjects, according to the Declaration of Helsinki.

Dummy task

The whole experimental protocol is shown in Figure 1: every subject underwent a dummy 

task, a magnetic resonance exam with rs-fMRI, and then was engaged in a motor sequence 

learning task. At the beginning of the experimental session, immediately before the rs-fMRI 

scan participants were shown a dummy task lasting 4 min on the computer screen, to ensure 

a common cognitive baseline in the group (Albert et al., 2009). In details, this task consisted 

in dynamic point-light displays of human whole-body movements or scrambled versions that 

showed the same individual dot motions but with random positions (Jastorff et al., 2006). 

These stimuli lasted 3 s each and were grouped into 30-s interleaved runs of 10 human and 

10 scrambled motion stimuli. Subjects were instructed to watch the stimuli trying to 

discriminate human and scrambled movements, but they had no active task to perform.

Resting-state fMRI acquisition

After the dummy task, and before the motor sequence learning task, subjects underwent 

brain MRI on a 3.0 Tesla scanner (Philips Achieva, The Netherlands) with an 8-channel 

SENSE phased-array head coil. The MRI protocol included T2-weighted Turbo Spin Echo 

sequence (TR/TE = 3000/80 ms; FOV = 230 mm × 230mm; matrix = 512 × 512; slice 

thickness = 4 mm), 3D T1-weighted Turbo Field Echo sequence (TR/TE/TI = 7.5/3.4/900 

ms; voxel size 1×1×1 mm3). For rs-fMRI, a total of 120 volumes were acquired in a 

transverse plane using a T2*-weighted echo-planar-imaging sequence (TR/TE = 2607/27 

ms; flip angle = 90°; FOV = 210 mm × 210 mm; matrix = 96 × 96; slice thickness = 3 mm; 

voxel size = 2.19 mm × 2.19 mm × 3 mm). The rs-fMRI settings provided 0.19 Hz 

bandwidth with 3.5 × 10-3 Hz resolution, which is adequate to select the 0.01-0.1 Hz band of 

interest (see rs-fMRI analysis below). Each EPI volume included 50 axial slices without gap, 

covering the entire cerebral cortex and cerebellum. During rs-fMRI, the subjects were 
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instructed to stay still, with their eyes closed, awake but not engaging in any specific mental 

activity.

Motor sequence learning task

Immediately after the rs-fMRI session, all participants performed a motor sequence learning 

task lasting about 30 min. First, subjects were asked to memorize a sequence of numbers 

using verbal code (3 4 1 3 2 1 4 2) with no actual movement training. This allowed 

investigating brain mechanisms related to the acquisition of the procedural skill after the 

declarative skill rather than to the explicit acquisition of the sequence order without 

superimposing constraints on the motor performance with pacing or cueing signals (Orban et 

al., 2011). When they were able to repeat the sequence to the experimenter without errors, 

they were informed about the correspondence of each number with one finger (1, 2, 3 and 4 

referred to the index, middle, ring and little fingers, respectively) and were instructed to 

carry out the eight-element finger motor sequence with their right hand by touching the 

fingers with the thumb in the correct order, with their eyes closed. Specifically, they were 

seated in a quiet room and wore a sensor-engineered glove to record the contact between the 

thumb and another finger (GAS, ETT S.p.A., Italy) (Bove et al., 2007; Moisello et al., 

2011). They had to perform the finger motor sequence twice in each trial, as fast and 

accurately as possible, for a total of 50 practice trials intermingled with rest epochs lasting 

about 12s.

Resting-state fMRI analysis

The analysis of the rs-fMRI images was conducted by using Data Processing Assistant for 

Resting-State fMRI (DPARSF), a toolbox developed in MATLAB (MathWorks, Inc.) for 

pipeline data analysis of rs-fMRI based on some functions included in Statistical Parametric 

Mapping (SPM) and Resting-State fMRI Data Analysis Toolkit (REST) (Chao-Gan & Yu-

Feng, 2010). The first ten volumes of each subject were removed for signal equilibrium and 

to allow the participants’ adaptation to the scanning noise. After slice timing and movement 

correction, all the rs-fMRI images were normalized to the Montreal Neurological Institute 

EPI template with voxel size 3×3×3 mm3 and smoothed with a 6 mm full-width at half-

maximum isotropic Gaussian kernel to increase the signal-to-noise ratio. Linear drift 

correction was applied, and a band-pass filter with cut-off frequencies of 0.01 and 0.10 Hz 

was used to eliminate the effects of both very low and high frequency physiological noise 

(respiratory and cardiac signals). Nuisance covariates were regressed out: the whole-brain 

signal was removed to reduce the effect of physiological artifacts, since the global signal has 

been found to be associated with respiration-induced fMRI signal (Birn et al., 2006); six 

motion parameters, the cerebrospinal fluid and the white matter signals were removed to 

reduce the effects of head motion and non-neuronal blood oxygenation level-dependent 

(BOLD) signal fluctuations.

Then, the cross-correlations of spontaneous BOLD signal fluctuations, which may reflect the 

inter-regional correlations in neuronal variability, were computed to assess the signal 

synchrony among remote brain areas. Specifically, we were interested in investigating the 

rsFC of the M1, which is involved in both the neural circuits influencing the velocity and 

transition kinematic processes in motor sequence learning (Orban et al., 2011). Since the 
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subjects were asked to perform the finger motor sequence with the right hand, we estimated 

the rsFC of the left M1 with all the other voxels in the brain.

To this aim, a Region of Interest (ROI) including the left M1 was selected from the 

Anatomical Automatic Labeling template (Tzourio-Mazoyer et al., 2002) and defined as the 

seed region for each participant. Analogously, we also considered the right M1, and the left 

and right SMA. The averaged time course was obtained from each ROI and the correlation 

analysis was performed in a voxel-wise way to generate the rsFC map of each ROI, called 

the “ROI-rsFC map”. Finally, the obtained correlation coefficient maps were converted into 

z maps by Fisher's r-to-z transform to improve the normality generating a “ROI-zrsFC map” 

for each ROI for each subject.

Motor sequence learning analysis

Motor behavioral data were acquired by the glove system at 1 kHz and processed with 

customized software to extract the following parameters: Touch Duration (TD), i.e., the 

contact time between the thumb and another finger (ms), and Inter Tapping Interval (ITI), 

i.e., the time interval between the end of a thumb-to-finger contact and the beginning of the 

subsequent contact in the finger motor sequence (ms). Hence, movement rate (RATE), 

representing the number of finger taps per second (Hz), was derived for each finger 

opposition movement as the inverse of the interval between the beginning of a touch and the 

beginning of the successive one.

These parameters were averaged on each trial, thus for each subject we obtained fifty values 

of each parameter over the time course of the learning task. The ability to learn the finger 

motor sequence was assessed by changes in RATE, while the strategy adopted by each 

subject to accomplish this goal was evaluated by the analysis of changes in TD and ITI 

(Bove et al., 2007). In details, the first trial was used to familiarize the subjects with the task 

and the glove system; the average of each parameter between the values obtained in the 

second and third trials was considered as the initial performance (baselineRATE (Hz), 

baselineTD (ms) and baselineITI (ms)), while the average between the forty-ninth and the 

fiftieth trials indicated the level of performance achieved at the end of the task. Considering 

that an increase in RATE and a decrease in TD and ITI were indicators of performance 

improvement, changes in the different parameters were calculated as follows: the final value 

minus the initial value for RATE, the initial value minus the final value for TD and ITI. The 

resulting parameters were referred to as: deltaRATE (Hz), deltaTD (ms) and deltaITI (ms). 

Curve fitting was also performed to indicate the mean group learning curve for the different 

kinematic parameters.

Statistics

From the analysis of rs-fMRI, in order to explore the within-group pattern of rsFC with the 

selected motor areas, one-sample t-test was performed separately on the leftM1-zrsFC, 

rightM1-zrsFC, leftSMA-zrsFC and rightSMA-zrsFC maps by using SPM8 (http://

www.fil.ion.ucl.ac.uk/spm/). A height threshold of p<0.001 uncorrected was applied; the 

minimum cluster size was arbitrarily set to 10 voxels.
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For each ROI, we then implemented three second-level analyses with a regression model 

based on the single-subject zrsFC maps, considering the deltaRATE, deltaTD and deltaITI 

values of each subject as covariates. We thus obtained a group map for each different seed 

indicating the significant correlation between the z-values of connectivity and each of the 

parameters related to motor sequence learning, with a height threshold of p<0.001 

uncorrected and minimum cluster size of 10 voxels. For left M1, which constituted the 

specific target of this work, similar regression analyses were performed with RATE, TD, 

and ITI values at baseline as covariates (i.e., baselineRATE, baselineTD, baselineITI).

The Talairach Daemon server data (http://www.talairach.org/daemon.html) was searched 

using x,y,z coordinates after conversion from MNI to Talairach space to localize significant 

clusters. Xjview (http://www.alivelearn.net/xjview8/) was then used to display images in 

MNI space and improve anatomy description, especially to define cerebellar regions and 

thalamus subdivisions.

To evaluate the dynamics of motor performance over the time course of the learning task, 

RATE, TD and ITI were entered separately for each subject in a one-way repeated-measures 

analysis of variance (RM-ANOVA), with time (trial number) as main factor. Significant 

main effects were explored with the Newman-Keuls post-hoc test.

Results

Motor sequence learning

All subjects well tolerated the entire experimental protocol and were able to learn the 

proposed sequence by verbal code and to reproduce it with the finger touches, as requested, 

without errors. They all improved their performance with practice, in fact they showed a 

significant increase in their RATE values, obtained by significantly reducing both TD and 

ITI values (RM-ANOVA: RATE: F(49,637)=50.71, p<0.0001; TD: F(49,637)=19.61, 

p<0.0001; ITI: F(49,637)=16.71, p<0.0001). The three motor parameters are reported as a 

function of time, i.e., trial number (RATE is shown in Figure 2A; TD and ITI in Figure 2B 

and C, respectively).

Specifically, on average TD significantly decreased from trial 3 (p=0.02 with respect to trial 

1) and reached a value similar to the final value from trial 14 (p=0.08 with respect to trial 

50); ITI significantly decreased from trial 3 (p=0.004 with respect to trial 1) and reached a 

value similar to the final value from trial 13 (p=0.24 with respect to trial 50). As a 

consequence, RATE significantly increased from trial 3 (p=0.01 with respect to trial 1) and 

reached a value similar to the final value from trial 29 (p=0.26 with respect to trial 50). 

Thus, at the end of the learning task the single subjects had a performance gain in motor 

sequence learning skills given by deltaRATE, deltaTD and deltaITI. All measures were 

normally distributed, as determined by the Shapiro-Wilk test. The kinematic data were fitted 

to indicate the mean group learning curve: the best model was Gaussian for RATE (y = y0 + 

(A/(w×√(π/2)))×exp(-2×((x-xc)/w)2), xc = 45.79 ± 3.841, w = 119.53 ± 99.83, R2 = 0.99), 

exponential for TD (y = A1×exp(-x/t1) + y0, t1 = 11.83 ± 1.15, R2 = 0.98) and ITI (y = 

A1×exp(-x/t1) + y0, t1 = 12.14 ± 1.34, R2 = 0.94).
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Resting-state fMRI

Left M1—From the analysis of the rsFC of the left M1, we obtained a leftM1-zrsFC map of 

the group of subjects, showing that at rest the left M1 was strongly functionally connected 

with other motor areas, such as the left premotor cortex (PMC) and SMA, corresponding to 

the Brodmann area (BA) 6, and also with other areas belonging to the temporal, cingulate 

and occipital (visual) cortex (Figure 3A and Table 1).

Further, the regression model implemented on the leftM1-zrsFC group map with deltaRATE 

as covariate showed only one significant cluster in the right cerebellum (Figure 4A and 

Table 2), indicating that the subjects who were able to increase more their RATE with 

practice were those showing stronger rsFC between the left M1 and the right cerebellar 

hemisphere at rest, and in particular with the lobule VIII.

Looking at the different possible strategies to adopt in order to increase RATE (i.e., reducing 

TD, ITI, or both), when deltaTD was considered as covariate we found significant clusters 

located in the left cerebellum and in the right and left association nuclei of the thalamus 

(Figure 4B and Table 2). In details, the lobule VIIb, the Crus I, and the lobule IV-V of the 

cerebellum, and the Pulvinar and the dorsomedial nucleus of the thalamus were identified. 

Taking into account deltaITI as covariate, we found that the subjects who reduced more their 

ITI values were those showing stronger rsFC of the left M1 with the right association nuclei 

of the thalamus (Pulvinar, dorsomedial nucleus and anterior nucleus) and the left cerebellum 

(lobule IV-V and lobule VI) (Figure 4C and Table 2). Further, we also assessed the 

correlation between the rsFC of the left M1 and the initial motor performance of the 

subjects; the regression models implemented on the leftM1-zrsFC group map with 

baselineTD and baselineITI showed clusters similar to those obtained by the regression 

models with gain in these kinematic parameters during the motor learning (i.e., deltaTD and 

deltaITI). In particular, we observed that lower values of baselineTD correlated with 

stronger rsFC of the left M1 with the lobule VIIb and the lobule IV-V of the left cerebellum 

and the Pulvinar while lower values of baselineITI correlated with stronger rsFC of the left 

M1 with the right association nuclei of the thalamus (Pulvinar, dorsomedial nucleus and 

anterior nucleus) and the left cerebellum (lobule IV-V and lobule VI) (Table 3). On the other 

hand, higher values of baselineRATE did not refer with the clusters observed in the 

correlation analysis between rsFC left M1 and deltaRATE but with sensory areas such as 

BA1 and BA3 (Table 3).

Right M1—Similarly to the left M1 seed, from the analysis of the rsFC of the right M1, we 

obtained a rightM1-zrsFC map of the group of subjects, showing that at rest the right M1 

was strongly functionally connected with other motor areas, such as the PMC and SMA, 

corresponding to the Brodmann area (BA) 6, and also with other areas belonging to the 

temporal, cingulate and occipital (visual) cortex (Figure 3B and Table 4).

However, differently from the results obtained from the left M1 seed analysis the regression 

model implemented on the rightM1-zrsFC group map with deltaRATE or deltaITI as 

covariate showed no significant cluster and only one significant cluster related to the right 

frontal lobe was observed when deltaTD was used as covariate in the analysis (Figure 4D 

and Table 5).
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Left SMA—From the analysis of the rsFC of the left SMA, we obtained a leftSMA-zrsFC 

map of the group of subjects, showing that at rest the left SMA was strongly functionally 

connected with other motor areas, such as the left and right PMC and SMA, corresponding 

to the Brodmann area (BA) 6, and also with other areas belonging to the prefrontal, temporal 

and insular cortex (Figure 3C and Table 6).

The regression model implemented on the leftSMA-zrsFC group map with deltaRATE as 

covariate showed two significant clusters: one in the right cerebellum, and in particular in 

the lobule VIII as observed in the left M1 seed analysis with deltaRATE as covariate and 

another cluster in the right orbitofrontal cortex (Figure 5A and Table 7). When deltaTD was 

considered as covariate we found a significant cluster located in the left cingulate cortex 

(Figure 5B and Table 7). Taking into account deltaITI as covariate, we found that the 

subjects who reduced more their ITI values were those showing stronger rsFC of the left 

SMA with the association nuclei of the thalamus (Pulvinar, and anterior nucleus) and the 

cingulate cortex (Figure 5C and Table 7).

Right SMA—Similarly to the analysis of the rsFC of the left SMA, for the right SMA we 

obtained a rightSMA-zrsFC map of the group of subjects, showing that at rest the right SMA 

was strongly functionally connected with other motor areas, such as the right PMC and 

SMA (BA 6), and also with other areas belonging to the prefrontal, temporal and insular 

cortex (Figure 3D and Table 8).

Only the regression model implemented on the leftSMA-zrsFC group map with deltaRATE 

as covariate showed significant clusters, whilst no significant cluster was observed with 

deltaTD or deltaITI as covariate. In detail, with deltaRATE as covariate we found that the 

subjects who increased more their RATE values were those showing stronger rsFC of the 

right SMA with the right orbitofrontal and temporal cortex (Figure 5D and Table 9).

Discussion

In this work, we showed that the repetition of an already verbally-learned sequence of finger 

opposition movements leads to an improvement in motor performance characterized by an 

increase in movement execution rate. This is in line with several works showing that the 

repetition of a motor sequence progressively reduces the time of its execution (Korman et 

al., 2003; Orban et al., 2011; Walker et al., 2003). We also showed that the improvement in 

motor sequence performance can be achieved through the reduction of touch duration (TD) 

or inter tapping interval (ITI) or both, parameters describing specific aspects of the 

performance of a sequence of finger opposition movements. From a functional point of 

view, TD, i.e., the time spent in the contact between the thumb and another finger of the 

sequence, involves both a pure “sensory time” needed for an adequate perception of the 

touched finger before moving forwards in the finger motor opposition movements sequence, 

and a “preparatory time” needed to plan the next correct movement in the sequence, whilst 

ITI, i.e., the time interval between two successive thumb contacts in the finger motor 

sequence, can be interpreted as a pure “motor time” (Avanzino et al., 2008). Therefore, at 

the end of the learning task each subject showed a performance gain in motor sequence 
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learning characterized by an increase in movement rate (deltaRATE), achieved by means of 

reductions of in TD and/or ITI values (deltaTD and deltaITI).

Since short-term motor practice or learning of novel motor sequences results in plasticity of 

the motor areas (Classen et al., 1998; Lotze et al., 2003; Morgen et al., 2004; Muellbacher 

et al., 2001; Muellbacher et al., 2002; Orban et al., 2011) we identified the left and right M1 

and the left and right SMA as the seeds of our rsFC analysis and we cross-correlated the 

time course of each seed with that of all other voxels in the brain. We thus obtained a group 

rsFC for each seed, showing that at rest both M1 and SMAs were mainly connected with 

other brain motor areas, such as the premotor cortex and the supplementary motor area 

(Langan et al., 2010; Xiong et al., 1999), whilst no evidence of significant functional 

connectivity of these areas with subcortical circuits, such as the basal ganglia or the 

cerebellum, was found. This is not surprising since the functional connectivity between 

subcortical structures and the cortex is usually investigated with different methodological 

approaches (Bernard et al., 2012; Buckner et al., 2011; O'Reilly et al., 2010). When we 

added to our seed-based whole-brain analysis the three investigated kinematic parameters 

indicating motor learning improvement as covariates, the neural structures showing 

significant rsFC with the left M1 were found to be the cerebellum and the thalamus. Similar 

results were obtained for the left SMA, also including the orbital and cingulate cortex. 

Indeed, the subjects who achieved greater RATE increase with practice were those showing 

stronger rsFC of the left M1 and of the left SMA with the right lobule VIII of the 

cerebellum. Furthermore, when deltaITI was considered as covariate, the subjects with 

greater ITI reduction showed stronger rsFC of the left M1 and the left SMA with the 

association nuclei of the thalamus (Pulvinar and anterior nucleus). Conversely, the same 

regression analysis with the right M1 and SMA seeds showed only few significant clusters 

for the different covariates not located in the cerebellum and thalamus. No common clusters 

were found between right M1 and SMA. All these findings could indicate high specificity of 

the resting neural circuits responsible of motor performance improvement during motor 

learning involving the motor areas related to the hemisphere directly controlling the finger 

movements, the thalamus and the cerebellum.

In particular, different parts of the cerebellum were strongly correlated with the rsFC of the 

left M1 for the different covariates. Indeed, when deltaTD was considered as covariate we 

found significant clusters located in the left cerebellum, such as the lobule VIIb, the Crus I, 

and the lobule IV-V,whereas when deltaITI was considered as covariate with the left 

cerebellum (lobule IV-V and lobule VI). Our findings are in line with a recent study 

demonstrating the involvement of the cerebellar lobules IV–VI and VIII in the sensorimotor 

network (Sang et al., 2012). Indeed, rsFC studies point to the existence of segregated 

functional cerebello-cerebral networks in humans, including a sensorimotor network 

encompassing the cerebellar lobules VIII and IV-VI and the primary motor cortex (Krienen 

& Buckner, 2009; O'Reilly et al., 2010). In addition, transneuronal tracers in monkeys 

showed the existence of anatomical projections between the arm areas of both cerebral and 

cerebellar motor regions (Kelly & Strick, 2003). Neuroimaging studies have also revealed 

that the anterior lobe (lobules I–V) and part of the posterior lobe (lobules VI and VIII) of the 

cerebellum are sensorimotor components (Stoodley & Schmahmann, 2010). Finally, a meta-
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analysis of functional topography in the human cerebellum showed consistent activation in 

lobules V, VI and VIII during motor and somatosensory tasks (Stoodley & Schmahmann, 

2009). Interestingly, lobules IV-V are common for deltaTD and deltaITI covariate analyses 

underlying the importance of a priori functional connection between the left M1 and these 

regions to allow a significant gain in the different components of a sequence learning task. 

Accordingly, a recent fMRI study showed that the velocity and the transition variables 

measured during finger motor sequence learning strongly correlated with the activation of 

the same cerebellar regions found in our work (Orban et al., 2011). Similarly, cerebellar 

lobules IV–V were common for the two variables whilst lobule VIII only correlated with the 

velocity. Although in our work finger movement rate was measured differently from Orban 

et al. (2011), we noted the importance of higher functional connectivity between the left M1 

and this region in allowing a significant increase in the execution rate of the motor sequence.

In addition to cerebellar regions involved in the sensorimotor network, significant clusters 

were observed in the left cerebellum, in the lobule VIIb and Crus I, when deltaTD was 

considered as covariate. In a recent work, lobule VIIb and Crus I have been found to 

correlate with the SMA and parts of the lateral motor cortex, supporting the idea that lobule 

VII is involved in complex movements (Schlerf et al., 2010). Further, other works showed 

the importance of these motor-related cerebellar subregions in processing various dexterous 

motions, such as hand movement (Chan et al., 2006; Nitschke et al., 2005) and finger 

tapping (Aoki et al., 2005; Witt et al., 2008). Finally, anatomical studies in monkeys showed 

interconnections between the prefrontal cortex and lobule VII (Crus I, Crus II, and lobule 

VIIB) (Kelly & Strick, 2003).

Taken together these findings suggest that, although TD and ITI share the same 

sensorimotor network for the accomplishment of the motor sequence learning task, regions 

of the cerebellum belonging to the fronto-parietal network have to be active concomitantly 

with the primary motor area at rest to obtain an increase in performance rate through a 

reduction of TD. Indeed, to significantly reduce TD it is necessary to have an adequate 

perception of the touched finger before moving forwards in the finger motor sequence (i.e., 

spatial function), and concomitantly to plan the next correct movement in the sequence (i.e., 

executive function).

Contralateral mapping between cortical masks and strength of correlation in the cerebellum 

is usually found (O'Reilly et al., 2010). Therefore, the difference in rsFC lateralization 

between leftM1 and the cerebellum found with deltaRATE (i.e., contralateral) and with 

deltaTD or deltaITI (i.e., ipsilateral) could be unexpected. However, we cannot exclude that 

M1 functional connectivity can be higher with the ipsilateral cerebellum than with the 

contralateral one when rsFC analysis is associated with a parameter describing the attitude to 

achieve a specific function in a task. Indeed, clinical and imaging studies have indicated that 

language representation in the cerebellum is more right-lateralized, while spatial functions 

are more left-lateralized (see for a review (Stoodley & Schmahmann, 2009). These results 

are in agreement with findings in non-human primates suggesting that not all cerebro-

pontocerebellar projections are crossed (Brodal, 1979).
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The regression analysis with left M1 and left SMA as seeds also identified the association 

nuclei of the thalamus (Pulvinar, dorsomedial nucleus and anterior nucleus) as neural 

structures playing a key role to significantly reduce TD and ITI improving motor 

performance (RATE). Among the different functions of these nuclei concerning motor 

behavior, it has been suggested that they may play a role in emotional learning (Oyoshi et 

al., 1996). Notably, we found that subjects showing greater improvement in RATE with 

practice were those showing significant rsFC of the two SMAs with the right orbitofrontal 

cortex. Therefore, we can speculate that higher gains in a motor sequence learning task 

might occur in those subjects who have an important functional connection at rest between 

the motor areas and the neural structures mediating information from the limbic part of the 

brain. New evidence confirms that interactions among cortico– cerebellar and limbic 

structures are crucial for building the motor memory trace (Doyon & Benali, 2005).

Although the association nuclei of the thalamus are anatomically and functionally connected 

with the basal ganglia we did not find any co-activation with these subcortical structures in 

the covariate analysis. One possible explanation could be that the functional interactions of 

these regions are more variable, accommodating specific task demands by flexibly 

interacting with demand-specific regions for short periods of time (Deco et al., 2011; 

Mennes et al., 2013). This hypothesis is consistent with models of basal ganglia and 

thalamic anatomical connectivity emphasizing parallel but integrated cognitive, emotional, 

and motor circuits supporting flexible adaptation to internal and external demands 

(Alexander et al., 1990; Bonzano et al., 2013; Haber, 2003). Numerous studies have 

demonstrated that the cerebellum is active during the fast learning phase, but that this 

activity decreases with practice and may become undetectable when the sequential 

movements are well learned (see for a review (Doyon et al., 2003)).

Finally, when assessing the correlation between the rsFC of left M1 and the initial motor 

performance of the subjects we found that lower values of TD correlated with stronger rsFC 

of the left M1 with the lobule VIIb and the lobule IV-V of the left cerebellum and the 

Pulvinar while lower values of ITI correlated with stronger rsFC of the left M1 with the 

right association nuclei of the thalamus (Pulvinar, dorsomedial nucleus and anterior nucleus) 

and the left cerebellum (lobule IV-V and lobule VI). These are the same clusters obtained by 

the regression models with the gain in these kinematic parameters at the end of the motor 

learning task. These findings might indicate that the rsFC among these neural structures is 

not only important to give an indication of the final motor performance gain but it can be 

also an index of the motor strategy adopted by the subjects at baseline.

To conclude, our results show that the brain functional architecture at rest does not provide a 

complete representation of its repertoire of extrinsic responses that can be found for instance 

in the case of motor sequence learning. It has been demonstrated that intrinsic approaches 

provide only partial understanding of brain functional architecture confirming that task-

based fMRI approaches are required to appreciate the full repertoire of dynamic neural 

responses (Mennes et al., 2013). Here we propose a complementary method in which the 

correlation between brain rsFC and sensorimotor behavioral measurements might reveal 

some different regions necessary to successfully achieve a specific motor task. We think that 
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this approach could help understand impairments in sensorimotor task performance in 

neurological disorders, and aid in the design of appropriate rehabilitative treatments.
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Abbreviations

BA Brodmann area

fMRI functional magnetic resonance imaging

ITI Inter Tapping Interval

M1 primary motor cortex

PMC premotor cortex

RM-ANOVA repeated-measures analysis of variance

rs-fMRI resting-state fMRI

rsFC resting-state functional connectivity

SMA supplementary motor area

TD Touch Duration
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Figure 1. 
Experimental protocol. Participants were shown a dummy task on the computer screen 

immediately before the rs-fMRI session, then they had to perform the motor sequence 

learning task.
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Figure 2. 
Group-averaged motor parameters over the course of the motor sequence learning task 

(mean ± SE): A RATE, B Touch Duration (TD), C Inter Tapping Interval (ITI). The solid 

lines indicate the best fits to the data, representing the mean group learning curve: A 

Gaussian (y = y0 + (A/(w×√(π/2)))×exp(-2×((x-xc)/w)2), xc = 45.79 ± 3.841, w = 119.53 ± 

99.83, R2 = 0.99), B Exponential (y = A1×exp(-x/t1) + y0, t1 = 11.83 ± 1.15, R2 = 0.98), C 

Exponential (y = A1×exp(-x/t1) + y0, t1 = 12.14 ± 1.34, R2 = 0.94).
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Figure 3. 
Whole-brain seed-based resting functional connectivity maps of the selected seeds in the 

motor areas, displayed on a volumetric brain surface: A left M1, B right M1, C left SMA, D 

right SMA. Significant clusters are displayed in neurological convention (the left side of the 

image corresponds to the left side of the brain). See Tables 1, 4, 6, and 8.
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Figure 4. 
Regression analysis between the resting functional connectivity maps of the M1 areas and 

the kinematic parameters indicating motor learning improvement: A left M1 with 

deltaRATE as covariate, B left M1 with deltaTD, C left M1 with deltaITI, D right M1 with 

deltaTD. Significant clusters are displayed in neurological convention; color bar shows a 

scale of T values. See Tables 2 and 5.
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Figure 5. 
Regression analysis between the resting functional connectivity maps of the SMAs and the 

kinematic parameters indicating motor learning improvement: A left SMA with deltaRATE 

as covariate, B left SMA with deltaTD, C left SMA with deltaITI, D right SMA with 

deltaRATE. Significant clusters are displayed in neurological convention; color bar shows a 

scale of T values. See Tables 7 and 9.
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Table 1

Brain regions showing significant functional connectivity with the left M1 at rest.

Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region (Brodmann area)

5117 16.45 6.24 −57 0 39 6

16.22 6.21 −42 0 57 6

15.80 6.16 −39 −15 66 6

236 8.47 4.86 −15 −75 9 17

5.78 4.00 −21 −63 6 30

5.26 3.79 −15 −84 9 17

78 7.77 4.67 −54 −42 3 22

5.50 3.89 −63 −39 6 22

4.68 3.52 −54 −42 12 22

58 6.84 4.38 −42 −78 6 19

5.77 3.99 −54 −69 6 37

50 6.26 4.18 15 −66 9 30

5.17 3.75 15 −75 6 23

4.62 3.49 21 −69 0 19

36 4.81 3.58 −51 −51 −18 20

4.79 3.57 −45 −39 −21 37

4.10 3.23 −48 −54 −6 37

21 5.79 4.00 27 −3 45 6

4.61 3.49 36 −3 48 6

Height threshold: T = 3.85 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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Table 2

Significant results from the regression analysis performed on the map of functional connectivity with the left 

M1 at rest, considering deltaRATE, deltaTD and deltaITI as covariate.

Kinematic covariate Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region

deltaRATE 10 6.61 4.21 24 −60 −57 Cerebellum (lobule VIII)

deltaTD 68 5.74 3.91 −27 −39 −39 Cerebellum (lobule VIIb)

5.59 3.85 −36 −51 −33 Cerebellum (Crus I)

5.27 3.72 −18 −30 −21 Cerebellum (lobule IV-V)

44 5.21 3.70 6 −21 12 Thalamus (dorsomedial nucleus)

4.49 3.38 −3 −30 12 Thalamus (Pulvinar)

4.49 3.37 −3 −21 12 Thalamus (dorsomedial nucleus)

deltaITI 86 7.66 4.53 12 −33 9 Thalamus (Pulvinar)

6.63 4.22 6 −21 12 Thalamus (dorsomedial nucleus)

4.47 3.37 9 −15 18 Thalamus (anterior nucleus)

15 5.89 3.96 −24 −36 −36 Cerebellum (lobule IV-V)

5.25 3.71 −33 −45 −33 Cerebellum (lobule VI)

Height threshold: T = 3.93 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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Table 3

Significant results from the regression analysis performed on the map of functional connectivity with the left 

M1 at rest, considering baselineRATE, baselineTD and baselineITI as covariate.

Kinematic covariate Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region

baselineRATE 25 5.37 3.76 66 −12 24 BA 3

4.93 3.58 69 −15 30 BA 1

baselineTD 47 6.08 4.03 −18 −30 −21 Cerebellum (lobule IV-V)

6.06 4.02 −27 −39 −39 Cerebellum (lobule VIIb)

5.07 3.64 −21 −36 −30 Cerebellum (lobule IV-V)

22 5.00 3.61 6 −30 9 Thalamus (Pulvinar)

baselineITI 111 7.53 4.50 3 −18 12 Thalamus (dorsomedial nucleus)

6.71 4.25 12 −33 9 Thalamus (Pulvinar)

4.87 3.55 9 −15 18 Thalamus (anterior nucleus)

42 5.94 3.98 −27 −39 −36 Cerebellum (lobule VI)

5.80 3.93 −18 −33 −27 Cerebellum (lobule IV-V)

BA = Brodman in area

Height threshold: T = 3.93 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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Table 4

Brain regions showing significant functional connectivity with the right M1 at rest.

Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region (Brodmann area)

5766 20.18 6.63 27 −15 72 6

16.21 6.21 54 −9 54 6

15.52 6.13 39 −24 69 6

47 6.64 4.31 18 −69 3 30

4.89 3.62 24 −66 15 31

4.58 3.47 18 −81 9 17

86 6.57 4.29 42 −75 9 39

50 5.96 4.07 24 −54 −3 19

95 5.11 3.72 0 −87 30 19

4.96 3.65 3 −78 21 18

4.3 3.33 −3 −90 18 18

63 5.07 3.7 18 −87 39 19

5.06 3.7 24 −81 27 31

4.71 3.54 30 −81 21 19

Height threshold: T = 3.85 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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Table 5

Significant results from the regression analysis performed on the map of functional connectivity with the right 

M1 at rest, considering deltaRATE, deltaTD and deltaITI as covariate.

Kinematic covariate Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region (Brodmann area)

deltaRATE No suprathreshold clusters

deltaTD 53 5.9 3.97 42 39 3 46

5.38 3.77 39 33 −6 47

deltaITI No suprathreshold clusters

Height threshold: T = 3.93 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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Table 6

Brain regions showing significant functional connectivity with the left SMA at rest.

Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region (Brodmann area)

4601 28.52 7.25 −3 9 60 6

16.36 6.23 −30 −6 60 6

13.87 5.9 −3 −6 63 6

231 10.47 5.32 −54 12 −6 22

7.12 4.47 −54 18 18 45

6.48 4.26 −57 0 −9 21

62 8.6 4.89 −27 48 27 10

6.72 4.34 −33 45 33 9

47 7.58 4.61 51 21 −15 38

6 4.08 51 30 −6 47

5.48 3.88 57 15 −12 38

25 6.19 4.15 48 −27 −12 22

4.54 3.45 48 −18 −24 20

34 5.26 3.78 60 0 12 6

4.52 3.44 66 −6 3 22

3.92 3.13 69 −12 15 43

35 4.68 3.52 −66 −48 15 22

4.62 3.49 −57 −39 15 13

3.92 3.13 −57 −39 6 22

Height threshold: T = 3.85 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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Table 7

Significant results from the regression analysis performed on the map of functional connectivity with the left 

SMA at rest, considering deltaRATE, deltaTD and deltaITI as covariate.

Kinematic covariate Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region

deltaRATE 46 7.96 4.61 30 57 −15 BA 11

5.31 3.74 18 57 −12 BA 11

84 6.76 4.26 39 −57 −57 Cerebellum (lobule VIII)

6.68 4.24 33 −75 −48 Cerebellum (Crus II)

6.14 4.06 24 −57 −57 Cerebellum (lobule VIII)

deltaTD 20 6.19 4.07 −12 −42 18 BA 29

4.5 3.38 −9 −33 18 BA 23

deltaITI 17 5.87 3.96 −9 −6 15 Thalamus (anterior nucleus)

23 5.75 3.91 3 −30 18 BA 23

4.07 3.16 15 −33 12 Thalamus (Pulvinar)

BA = Brodmann area

Height threshold: T = 3.93 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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Table 8

Brain regions showing significant functional connectivity with the right SMA at rest.

Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region (Brodmann area)

5545 29.06 7.28 6 6 63 6

17.59 6.37 0 −9 63 6

14.18 5.95 12 18 57 6

412 11.84 5.58 −57 12 −3 22

7.31 4.53 −57 −39 15 13

6.84 4.38 −63 −45 27 40

52 8.21 4.79 −30 45 24 10

Height threshold: T = 3.85 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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Table 9

Significant results from the regression analysis performed on the map of functional connectivity with the right 

SMA at rest, considering deltaRATE, deltaTD and deltaITI as covariate.

Kinematic covariate Cluster Size Voxel T Voxel Z MNI Coordinate: x y z (mm) Region (Brodmann area)

deltaRATE 54 6.62 4.22 33 60 -15 11

4.97 3.6 33 51 -18 11

4.96 3.59 24 51 -18 11

64 6.33 4.12 66 -33 -24 20

5.78 3.92 60 -21 -18 21

5.73 3.9 69 -18 -27 20

deltaTD No suprathreshold clusters

deltaITI No suprathreshold clusters

Height threshold: T = 3.93 (uncorrected p<0.001); extent threshold: k = 10 voxels.
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