
 

 

Motor Sequence Learning-Induced Neural Efficiency in Functional Brain Connectivity 

 

Helmet T Karima, Theodore J Huppert b, Kirk I Ericksonc, Mariegold Wollamd, Patrick J Spartoe, 

Ervin Sejdićf, Jessie M VanSwearingeng 

 

aDepartment of Bioengineering, University of Pittsburgh, Pittsburgh PA, USA hek26@pitt.edu  

bDepartment of Radiology and Bioengineering, University of Pittsburgh, Pittsburgh PA, USA 

huppertt@upmc.edu 

cDepartment of Psychology, University of Pittsburgh, Pittsburgh PA, USA kiericks@pitt.edu 

dDepartment of Psychology, University of Pittsburgh, Pittsburgh PA, USA mew83@pitt.edu 

eDepartments of Physical Therapy and Bioengineering, University of Pittsburgh, Pittsburgh PA, 

USA psparto@pitt.edu 

f Department of Electrical and Computer Engineering, University of Pittsburgh, Pittsburgh PA, 

USA, esejdic@ ieee.org 

gDepartment of Physical Therapy, University of Pittsburgh, Pittsburgh PA, USA 

jessievs@pitt.edu   

Corresponding author: 

Jessie M VanSwearingen 

University of Pittsburgh 

Department of Physical Therapy 

Bridgeside Point 1 

100 Technology Drive, Suite 210 

Pittsburgh, PA  15219 

412-383-6634 

Keywords: motor learning, motor skill, functional connectivity, gPPI  



2 
 

ABSTRACT 

 

Purpose. In this study we examined motor learning induced changes in the neural circuitry 

associated with repetitions of a finger tapping motor sequence task.  In addition to an 

investigation of the evoked hemodynamic changes in fMRI, a generalized psychophysiological 

interaction (gPPI) was applied to investigate the context specific changes in putamen functional 

connectivity associated with skill acquisition. 

Methods. Functional magnetic resonance imaging (fMRI) activity was measured during a motor 

learning finger-tapping sequence task. Participants (n=13) were asked to tap their fingers to 

visually presented sequences in blocks that were either the same sequence repeated (learning 

block) or random sequences (control block).   

Results.  Motor learning of the finger movement task was associated with a decrease in 

functional brain activity over repeated sequences (increased efficiency in the learning condition) 

compared to brain activity during the random finger movement task motor sequences (control 

condition). In the learning condition, particularly the later period of learning compared to the 

control condition, lower brain activation was noted in the posterior parietal association area and 

bilateral thalamus. A group-level gPPI analysis was performed for changes in the connectivity of 

the motor component of the dorsal striatum (putamen).  Compared to the control condition, we 

found the task-related motor learning was associated with decreased connectivity between the 

putamen and left inferior frontal gyrus and left middle cingulate brain regions.  

Conclusions. In the process of acquiring motor skill in a motor sequence task, motor learning 

enhanced neural efficiency in the functional connectivity of the finger motor task-related neural 

circuitry. 
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1.0 INTRODUCTION 

Motor skill for a specific motor task is acquired through the process of motor learning, and 

changes in the brain circuitry supporting the motor task.[1-4] During motor learning, functional 

connectivity among a broad array of regions including frontal, parietal and limbic association 

areas transition from areas involved in unskilled motor task performance to a pattern of more 

efficient circuitry between premotor and dorsolateral prefrontal cortical regions and the dorsal 

striatum.[5-7] For well-acquired tasks, such as gait, motor skill performance is thought to be 

efficient and nearly automatic. Age-related brain changes can disrupt this neural circuitry. As 

compensation for this age-related disruption, the brain may regress to a pre-automatization phase 

of motor skill,[8] which consists of broad and inefficient task-related brain activation.[5,9,10] 

Such compensatory changes in the brain circuitry for walking may also impact the efficiency of 

brain networks for other motor, cognitive and behavioral tasks.[3,8]   

To better understand age-related changes in the neural circuitry of the motor skill of 

walking and potential intervention strategies for adaptation or restoration, it is important to also 

understand motor learning-induced changes in neural circuitry as motor skill is acquired. The 

study of walking presents major challenges because of the difficulty of walking in a magnetic 

resonance imaging environment. While it is possible to examine the motor imagery of 

walking,[11-15]it can be difficult to know what differences in brain activation exist between real 

and imagined walking.[16,17] Motor learning changes in performance are also difficult to track 

and monitor in the scenario of an imagined task. As a result, to investigate motor skill acquisition, 

much of the work has involved functional brain network changes during other motor sequence 

learning tasks that require little movement such as a finger tapping task.[1,2,5,18] Neuroimaging 

during a motor sequence finger tapping task paradigm allows the primary focus to be on the 

identification of brain communication pattern changes with the acquisition of motor skill, rather 

than trying to infer changes from an imagined task.   

Brain activation patterns for phases of motor skill acquisition in finger tapping tasks have 

previously been described.[2,5,18,19] Much of the previous work has examined changes in brain 

activity but not network connectivity changes.[2,5,18,20] In addition, the functional neural 

circuitry changes have been defined before and after a period of practice of an explicitly learned 

finger tapping motor sequence.[1-3,5,18-20] The explicitly learned task is more representative of 
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conscious learning of a code for the motor task pattern, but not the movement-related procedural 

learning characteristic of motor learning, or ‘learning while doing’ the finger tapping task. 

Developed for task condition-related change and using time series approaches, newer methods of 

functional connectivity (FC) analysis of fMRI signal processing,[21] like psychophysiological 

interaction (PPI),[22-25] have made it possible to define the connectivity (task-related functional 

communications) among brain regions or circuits underlying motor task performance.  

In this study, we used FC methods, specifically gPPI,[24] to define motor learning 

induced changes in finger tapping task related neural circuitry during the process of motor skill 

acquisition. [21,25,26] Generalized PPI investigates context-dependent differences in functional 

connectivity from a specified seed region of the brain. Based on our understanding of motor-

learning,[1-4,6,27] we expected that spatial activation and functional connectivity would shift 

from an initial, inefficient pattern of high activity across a broad cortical network of prefrontal 

and premotor association areas, posterior parietal association areas and cingulate motor and 

anterior cingulate areas to a more efficient pattern of neural activations. We expect after motor 

learning-induced improved motor skill in the finger tapping task, the functional connectivity will 

be more restricted to a cortical-striatal network of premotor and dorsolateral prefrontal cortex 

with the putamen (motor component of the striatum).  Changes in functional neural circuitry with 

the acquisition of motor skill may help explain changes in motor task performance efficiency and 

in the identification of effective rehabilitation approaches to restoring motor skill.  

 

2.0 METHODS 

2.1 Study Design and Subjects 

Functional MR imaging was performed on 13 (self-reported) right-handed healthy adult 

volunteers (mean age 23.8 ± 3.1 years). Participants had no history of a neurological disorder, 

were not currently taking medications known to alter brain function, and were eligible to 

undergo MR imaging. The University of Pittsburgh Institutional Review Board approved the 

study, and all subjects provided written informed consent for participation.   

2.2 Measures 

2.2.2 MRI Data Collection  
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All scanning was conducted using a 3T Siemens Trio TIM scanner located at the 

Magnetic Resonance Research Center at the University of Pittsburgh using a 12-channel coil. A 

high-resolution T1-weighted 3D sequence was collected (TR=19ms/TE=4.92/FA=25) with a 

field of view 176x256 x192 and voxel dimensions of 1.17x1.17x1.0mm3. T2*-weighted BOLD 

acquisition using gradient-echo echo-planar imaging (EPI) was collected during functional tasks 

(TR=2000ms/TE=30ms/FA=90) with a field of view 64x64x34 and voxel dimensions of 

3.12x3.12x3.00 mm3. The head was immobilized using cushions to minimize motion artifacts.  

2.3 Motor Learning Task 

Subjects performed a finger tapping motor sequence learning task using their dominant 

hand (right in all subjects). Specifics of the finger-tapping task are outlined in Figure 1.  The 

finger tapping motor learning task involved blocks of repeated learning sequences alternated 

with blocks of control sequences, with an equivalent number of learning and control sequences 

performed.  Each functional scan (11min) had six 32s learning blocks and six 32s control blocks 

with 20s rest periods in between. In each task block, subjects were presented with five visual 

cues for the finger tapping movement sequence. In learning blocks, the motor learning sequence 

was a pre-determined, 5-movement sequence (e.g. 4-2-3-1-2 with the index finger designated 1, 

and the little finger as 4).  The sequence was repeated a total of five times within each 32s block. 

The same pre-determined learning sequence was repeated across all six learning blocks within a 

functional scan. To control for improvement in the finger motor performance alone, in the 

control blocks participants were presented with random sequences of 5 finger movements; each 

tap was 1 second.  During the interweaved 20s rest blocks, subjects were instructed to stare at the 

white cross hair and stay awake.  

Participants were positioned supine in the scanner and viewed the visual cues provided 

through a mirror fixed above the head coil. Worn on the right hand, an instrumented glove was 

used to record participant responses to the visual cues for the finger tapping sequences viewed. A 

red box in one of four white boxes placed, side to side, visually-cued a finger tap of the sequence. 

Each white box corresponded to one finger of the right hand, starting with the second digit 

(index finger) to the fifth digit (little finger). When a red box appeared in the box corresponding 

to one of the four fingers, subjects had been instructed to press the corresponding button as fast 

and as accurately as possible. Participants were not told to expect repeated (learning) sequences 
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interspersed with random (control) finger tapping motor sequences. Stimuli were presented with 

E-prime software (E-prime Version 2.0 Psychology Software Tools; Pittsburgh PA). 

2.4 Data Analysis 

2.4.1 Reaction time behavioral changes 

To determine changes in reaction time and differences between the finger tapping task 

conditions, a 2-way repeated measures ANOVA was performed with the following factors: 

condition (control versus learning) and time (blocks 1-6). The change in mean reaction time was 

determined across each task block. 

2.4.2 MRI Preprocessing 

Statistical Parametric Mapping (SPM12) toolbox was utilized to preprocess the fMRI 

data. The functional scans were first motion corrected using a linear coregistration procedure to 

correct for motion artifacts.  For all the subjects, the motion was less than 2mm and no subjects 

were discarded.  These aligned images were then co-registered to the same-session structural 

image (a skull stripped image was used to improve co-registration between functional and 

structural data).  The images were normalized and warped into the standard MNI space using 

SPM12 via the structural image. This deformation field was then applied to the aligned 

functional scans.  After registration and normalization, the functional images were smoothed 

with an 8mm Gaussian kernel. 

2.4.3 General Linear Model 

A general linear model (GLM) analysis was applied to the functional data where we modeled the 

learning and control tasks (convolved with a hemodynamic response function) as well as the 

mean of the signal and motion parameters from the realignment. A high-pass filter (1/128Hz) 

was used to account for slow drift in the fMRI signal and serial correlations in the fMRI time 

series were accounted for using an autoregressive AR(1) model during parameter estimation. We 

then computed the learning compared to control contrast (a difference in parameter estimates) 

and used these maps in a subsequent group level analysis using a one-sample t-test. This tested 

whether there were significant differences between learning and control hemodynamic evoked 

responses across the participants in the sample.  
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 We further wanted to test whether there were differences between the first half of the 

finger tapping task and the second half. We performed another GLM where we modeled the first 

three learning/control blocks independently of the second three learning/control blocks. We then 

computed contrasts for each block (learning/control first and second half of the paradigm). We 

used these contrasts in a subsequent group level analysis using one-sample t-tests, to test for 

differences in activation between the first and second halves of the blocks.  

2.4.4 Connectivity of the Putamen using gPPI 

We used gPPI, a region of interest (ROI) method, to investigate the effects of a specific 

seed ROI on the neural circuitry.[24] We used an a priori ROI seed from the putamen to perform 

the gPPI, because the putamen is both involved in cortical to striatal circuitry related to the 

sequencing of movements for a well-learned motor task, and the putamen is involved in the 

selection and timing of movements of acquired motor skills.[3,19,28,29] The automatic 

anatomical labeling (AAL)[30] template was used to identify the putamen bilaterally.  

This analysis models the association between the time-series in the chosen ROI with task-

based activation in every other region of the brain. In brief, the method first uses the ROI to 

generate a principal time series using principal components analysis. This time series is then 

deconvolved with a standard hemodynamic response function which estimates the neural activity 

from the ROI.[31] An interaction term is generated between each task regressor (i.e., learning, 

control) and the estimated neural activity. The interaction term is then convolved with the 

standard hemodynamic response function. Subsequently, another general linear model was 

performed to model the two tasks (learning and control), the ROI principal time series, and the 

two interaction terms (between the ROI and learning, and ROI and control). After this model 

estimation, contrasts were generated for each subject to compare the learning and control 

interaction terms. The contrasts were entered into a subsequent group level analysis. This 

analysis was used to test whether there were differences in the following interaction terms: (a) 

learning related brain activity and activity in the putamen compared to (b) non-learning (control) 

related brain activity and the activity in the putamen.  

2.4.5 Multiple Comparisons Correction.  

A permutation method for peak-cluster level error correction was applied for this whole-

brain analysis, as implemented in 3dClustSim[32] by taking into account the significance of the 
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peak voxel (threshold, p-value <0.005, uncorrected), controlling for multiple comparisons. The 

smoothness of the residuals was estimated using 3dFWHMx.[32] Essentially, using 3dFWHMx 

the smoothness of the residuals is estimated, and then 3dClustSim is used to estimate the 

minimum cluster size required to control for multiple comparisons. It does this by performing 

alpha probability simulations where it computes the probability of a random field of noise (with 

a certain smoothness and a given cluster threshold, in this case p<0.005) to produce a cluster of a 

given size. A minimum of 115 voxels was needed to attain a ClustSim corrected level of p < 0.05. 

All statistical testing was performed only in the gray matter (generated using the MNI space 

SPM template). This approach was used to limit the number of voxels tested and increase 

sensitivity.  

 

3.0 RESULTS 

As shown in figure 2, the group-averaged changes in reaction times illustrate that motor 

learning occurred as expected for the task conditions. The mean reaction times for the learning 

and control blocks were 384±100ms and 441±74ms, respectively.  In the learning blocks, 

reaction time decreased sharply over the early blocks, with little or no change in reaction time 

over the control blocks (Figure 2).  The difference in trajectory of reaction times across trials was 

different between conditions, 2-way ANOVA interaction between condition and time, F(5,60) = 

6.9, p<0.005. 

3.1 General Linear Model  

Regions of statistically significant increased or decreased signals relative to rest during 

the learning and control task as well as regions where there was a significant difference between 

the tasks are shown in table 1. The following regions had increased signal during the learning 

task: left primary motor and sensory cortex, lateral premotor, middle frontal gyrus, and posterior 

parietal cortex, left putamen, bilateral medial (supplementary motor and pre-supplementary 

motor) and lateral premotor areas, right primary motor and middle frontal gyrus, and right 

posterior parietal cortex.  Decreased signal was noted in the right insula and superior temporal 

cortex in the learning condition.  The same regions showed increased signal in the control as in 

the learning condition, but with a greater extent of the left and right posterior parietal cortex 
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regions activated, and additional increased signal of the left thalamus, left insula, left and right 

visual association areas, and bilateral cerebellum. 

Lower activation during the learning compared to the control condition was found in 

bilateral thalamus and the left lateral and medial posterior parietal cortex. No brain regions were 

found where activation was greater in the learning than in the control condition. These are shown 

in figure 3. We further investigated and found that the difference between learning and control 

condition was in fact a result of increased signal in both conditions (where control just had a 

greater increase in signal than learning in those areas).  

3.2 General Linear Model: Differentiating Early and Late Learning 

 To further understand whether there was a different pattern of activation during the initial 

or early and the later period of motor learning, we performed one-sample t-tests to compare the 

first and second halves of the paradigm (for both learning and control). The results from these 

tests are shown in table 2 and in figure 4.  

We found that the first half of the learning block (figure 4A) showed increased signal in 

the left primary motor and sensory cortex, lateral premotor, prefrontal cortex, medial premotor 

areas, anterior cingulate cortex, posterior parietal cortex, and occipital association cortical areas, 

right primary motor, lateral premotor, and prefrontal cortex, right middle frontal gyrus, and right 

posterior parietal and occipital association cortical areas.  Decreased signals were observed in the 

left hippocampus and medial temporal cortex, and left superior frontal gyrus in this early period 

of the learning condition.  However, in the second half of learning block (figure 4B) we found 

increased signals in only the left primary motor and sensory cortex finger region, adjacent 

premotor cortex (possibly frontal eye fields, Brodmann’s Area 8) and left medial premotor areas.  

Decreased signals were noted in the right insula and superior temporal gyrus, right posterior 

parietal and posterior cingulate cortex, and right medial posterior parietal and midddle cingulate 

cortex.    

In the first half of the control block (figure 4C) increased signal was found in the left 

primary motor and sensory cortex, lateral premotor, prefrontal cortex, medial premotor areas, 

posterior parietal and occipital association cortical areas, left putamen and thalamus, right 

inferior frontal, right posterior parietal and occipital association cortical areas, right superior 

temporal gyrus, and right cerebellum.  The right premotor area showed decreased signal . We 
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found that the second half of control block (figure 4D) showed a very similar pattern of increased 

signal with variations in a few regions.  Increased signal observed in the left primary motor and 

sensory cortex, lateral premotor, prefrontal, medial premotor areas, posterior parietal and 

cingulate cortex, left putamen and thalamus, right primary sensory, right medial premotor and 

right posterior parietal and occipital association cortex. There were decreased signals in the later 

period of the control condition.  

  

3.3 Connectivity of the Putamen using gPPI 

Regions of significant connectivity (interaction term of the gPPI) for learning and control 

as well as the difference between the interaction terms of the gPPI are given in table 3. The 

following regions showed significant positive interactions (or task-based putamen connectivity) 

with the putamen during the learning task: left primary motor and premotor, left lateral and 

medial premotor and cingulate motor area, left inferior frontal and insula, right dorsal prefrontal, 

right ventral prefrontal, insula and amygdala, right middle temporal gyrus, right 

parahippocampus and lingual gyrus, and bilateral thalamus.  

 The following regions showed significant positive interaction (or task-based putamen 

connectivity) with the putamen during the control task: left anterior cingulate cortex, left 

parahippocampus, left parahippocampus and brainstem, left middle temporal gyrus, right 

prefrontal cortex, right posterior parietal and occipital association cortex, right insula and 

superior temporal gyrus, right medial temporal lobe, and bilateral lateral and medial premotor, 

cingulate motor, posterior cingulate and dorsal prefrontal areas.   

Using a group gPPI analysis on the learning compared to control interaction terms (using 

the putamen as an ROI), the left inferior frontal gyrus and left middle cingulate were identified 

as regions where the control interaction terms were greater than the learning interaction terms. 

This means that the task-based putamen connectivity of these regions was greater during the 

control compared to the learning condition. There were no significant areas where the learning 

interaction terms were greater than control interaction terms. These are shown in Figure 5.  

 

4.0 DISCUSSION  



11 
 

To study motor skill acquisition in a finger tapping paradigm, we applied the functional 

connectivity method, gPPI, to define condition-related change in a motor task-related neural 

network.  Compared to previously reported brain activity of a finger tapping motor sequence 

learning task,[24] our fMRI study of the task is unique in two ways,  we 1) used a time series 

approach to examine functional changes in the functional connectivity between brain ROIs in the 

task-related neural network, and 2) examined these changes during the process of motor learning 

the finger tapping motor sequence task, not after a period of practice and task mastery.  We 

interpret the findings of both lower (both by spatial extent and intensity) functional brain activity, 

and lower functional connectivity of the putamen with fewer brain regions during the learning 

compared to the control condition, to be an indication of the motor learning induced increase in 

neural efficiency with the acquisition of greater motor skill in task performance.   

The motor learning performance changes were evident in the basic GLM analyses. In the 

learning compared to the control condition, brain activity was lower and there were fewer brain 

regions activated.  By differentiating early and later motor learning, this greater ‘efficiency’ was 

further demonstrated.  In the early period of learning and control (learning 1, control 1, Table 2) 

conditions, and the later period of the control (control 2, Table 2) condition, the task-related 

brain activation was similar. Associated with these conditions was a pattern of brain activity 

consistent with the cortical-subcortical network of task-related motor learning,[33] in addition to 

some brain region correlates of the cognitive control[34] or attention network.[35,36] The 

additional cognitive control network regions were activated particularly in the control conditions.  

Only in the later period of the learning (learning 2, Table 2) condition is a marked reduction (in 

terms of spatial extent and intensity) in brain activations observed. In the learning condition the 

specific decreased activations in the cognitive control network regions, the frontal eye fields 

(middle frontal gyrus) and the area bordering on the intraparietal sulcus may be an indication of 

little or no need to attend to the visually-cued sequence in the later learning condition trials.  The 

acquisition of greater motor skill is associated with quick recognition of the task conditions and 

selection of the appropriate motor plan for the task.[6,27,29,37,38] The need for movement 

guidance information for the task, such as position, direction and trajectory, and expected 

performance goal, is minimized.[3]   

During the learning relative to the control condition, the lower functional connectivity (i.e. 

gPPI analyses) between the putamen and the inferior frontal and cingulate regions illustrates 
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aspects of the task-related motor learning. The inferior frontal gyrus is part of the ventral lateral 

prefrontal cortex (VLPFC) known to be involved in the ‘what’ pathway, or the selection and 

maintenance of stimulus information needed to guide actions or behavior.[39,40]  The VLPFC 

has been considered the cognitive control of the ventral pathway from the inferior parietal and / 

or temporal association areas to the ventral premotor and prefrontal cortical areas.  These ventral 

areas of the frontal and parietal association areas are involved in recognition of object 

characteristics and calculations used to adjust motor behaviors to be appropriate for the task.  In 

the learning condition, the finger tapping motor learning of the repeated tapping sequences led to 

a reduced need for stimulus information to guide the motor task performance. This was not true 

for the random finger tapping sequences in the control condition for which motor learning was 

not expected.  Thus in the control condition, the task-related communication between the 

putamen and the VLPFC was maintained for stimulus information, and translation of the 

sequence into accurate performance of the motor task.  

The reduction in functional connectivity of the putamen with the middle cingulate region 

in the learning compared to control condition likely illustrates the lower reliance on internal 

planning and programming movement sequences appropriate for the motor task expectations.  

The cingulate motor area (i.e. mid-dorsal cingulate gyrus, posterior aspect of anterior cingulate) 

in conjunction with other medial premotor regions, pre-supplementary motor area and 

supplementary motor area, has a major role in programming internally-generated motor 

sequenced actions to meet a goal. The cingulate motor area also works with the prefrontal cortex 

to define the temporal order of goal-oriented movements. Motor learning enhances the chance 

for movement success; motor experts for a motor task demonstrate less activation in the limbic 

brain regions than novices in performance of the same task.[27] In the learning compared to the 

control condition the reduced functional connectivity of the putamen with VLPFC and cingulate 

motor area is consistent with the lower need for ‘recognition’ of the motor sequence task and 

selection and maintenance of the finger tapping sequence (i.e. stimulus) with learning. Thus as 

the finger tapping motor sequence task was acquired, there was a reduction in the decision-

making necessary to both time and program the motor actions. Under the challenge of a motor 

sequence that repeatedly changed in the control condition, the cingulate’s role in weighting the 

decision to move would be unchanged as the chance of success was unlikely to be different 

across the trials.  In fact, for some individuals in the control condition, the behavioral 
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consequences and limbic connectivity may have even increased as concern about performance 

accuracy or inaccuracy on previous movement sequences pervaded thinking about the next 

sequence.  Given the accuracy achieved in both learning and control conditions, the participants 

clearly valued correct performance throughout the tasks. 

The findings illustrate the enhanced neural efficiency in brain connectivity with the 

acquisition of motor skill in a motor sequence task. In the early period of visually cued motor 

sequence learning, task-related brain functional connectivity was lower in the motor learning 

condition compared to the random motor sequence [control] condition.  Similarly, using a gPPI 

analysis Wu et al 2008[3] reported a substantial reduction of brain network connectivity in the 

automatic stage compared to the novel [pre-training] stage of motor sequence task performance.  

Even in the early minutes of motor learning examined in this study, the brain was adapting in 

response to the motor learning. This pattern of reduced connectivity with the inferior frontal and 

cingulate brain regions has similarities to the changes observed in later stages of learning 

described by others, including the automatic stage of sequential movement task 

learning.[3,4,26,41] In this early learning of a simple motor sequence task, the motor learning 

was associated with less involvement of the cognitive control/cortical attention, guidance 

network.[3,25,33,42,43] 

While we studied a simpler 5 step-movement compared to the 12-step[musical note cued] 

movement sequence examined by Basset et al,[21] our findings have some similarities to their 

brain network reconfiguration with motor learning.  The increase in the BOLD signal during this 

early learning (minutes scale) for both the motor learning and control [random sequence] task 

conditions, but less of an increase in the learning condition, may be a reflection of an increase 

and subsequent decrease in neural network flexibility as the brain reconfigures the local 

properties of the networks to adapt to learning. In this study, the inferior frontal and cingulate 

brain regions that appear to highlight the lower connectivity in motor learning overlap the brain 

regions in the previous study in which connectivity changes during an initial task predicted 

learning in subsequent motor learning task sessions.[21] 

In the very early stages of the process of motor learning of a simple finger tapping motor 

sequence task, motor learning induced greater efficiency in the underlying motor task-related 

neural circuitry.  The evidence derived from this application of a context-dependent gPPI method 
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to functional connectivity changes during motor sequence learning provides evidence of the 

rapid motor learning induced reorganization of brain network connectivity in the process of 

acquiring motor skill.  Even in this simple finger tapping motor sequence task, the acquisition of 

greater motor skill was associated with a dramatic reduction in the task-related neural network 

size and activity.  The findings lend support to consideration of motor learning-based exercise 

approaches to acquire or recover motor skill in task performance as a means to both reduce brain 

work during rehabilitation, and conserve brain functional capacity in the presence of restricted 

brain resources.  
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Figure 1. Illustration of the task used in this study. Six learning and control blocks are presented 

with rest in between. Subjects are presented with the sequence 4-2-3-1-2 during the learning 

block a total of 6 times. During the control blocks 6 random sequences are shown to the subject.  

 

 

 

 

Figure 2. Mean and standard error of reaction time for the control (blue) and learning (red) 

blocks. While the control block reaction times show little change, reaction time decreased over 

the learning blocks.  
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Table 1. Regions activated during the learning and control tasks as well as regions that showed a 

significant difference (note negative parameter estimate differences mean control is greater than 

learning).  

 

 

 

 

 

 

 

Task Region x y  z T-max 
Cluster 

Size 

Learning 

Left Precentral / Postcentral Gyrus / Lateral Premotor Area / Middle 

Frontal Gyrus / Superior/Inferior Parietal Lobule 

-34 0 48 7.6 3804 

Left Putamen -24 -2 6 4.0 135 

Bilateral Supplementary Motor Area / Lateral Premotor Area -10 4 50 5.5 678 

Right Precentral / Middle Frontal Gyrus  58 8 32 8.3 829 

Right Superior Parietal Lobule / Angular Gyrus 28 -54 44 6.1 297 

Right Insula / Superior Temporal Gyrus 62 -24 6 -5.1 319 

Control 

Left Precentral / Postcentral Gyrus / Lateral Premotor Area / Middle 

Frontal Gyrus / Supplementary Motor Area / Superior /Inferior 

Parietal Lobule / Precuneus 

-56 -26 42 13.3 7794 

Left Middle Occipital Gyrus -44 -72 10 96.4 179 

Left Putamen -26 -2 4 5.3 322 

Left Thalamus -14 -18 6 5.0 165 

Left Insula -50 -24 18 4.7 146 

Right Supramarginal / Postcentral Gyrus 56 -38 24 4.6 276 

Right Middle Occipital Gyrus 30 -88 2 5.7 117 

Right Putamen 20 8 4 4.1 133 

Right Superior / Inferior Parietal Lobule / Precuneus 26 -64 46 6.9 779 

Bilateral Cerebellum Vermis/Culmen 4 -58 -10 4.3 124 

Learning-

Control 

Left Superior Parietal Lobule / Precuneus -20 -64 58 -5.5 146 

Bilateral Thalamus -4 -20 12 -4.5 488 
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Figure 3. Regions that show significantly (t-statistic) greater hemodynamic evoked responses in 

the control compared to the learning task (blue). No regions showed the opposite effect (red).     
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Table 2. Regions activated during the learning/control during the first and second halves 

(learning/control 1 and 2, respectively).  

      Task Region x y  z T-

max 

Cluster 

Size 

Learning 1 

Left Precentral/ Postcentral / Superior / Middle Frontal Gyrus 

   Supplementary Motor Area / Medial Frontal Gyrus / Anterior    

Cingulate Cortex /  Precuneus / Superior/ Inferior Parietal Lobule / 

Middle Occipital Gyrus 

-38 -28 46 9.0 5522 

Left Hippocampus / Parahippocampus -28 -2 -28 -5.3 170 

Left Superior Frontal Gyrus -20 36 48 -4.0 141 

Right Middle / Inferior Frontal / Precentral Gyrus 40 -4 56 5.7 1138 

Right Middle Frontal Gyrus 36 34 26 7.6 149 

Right Superior / Middle Occipital Gyrus / Precuneus / Cuneus / 

Superior Parietal Lobule / Right Angular Gyrus 

24 -86 2 7.0 1250 

 Left Precentral /Postcentral / Middle Frontal Gyrus -34 -18 50 5.4 2048 

 Left Supplementary Motor Area / Medial Frontal Gyrus -8 -4 52 4.0 147 

Learning 2 Right Insula / Superior Temporal Gyrus 60 -6 6 -6.4 602 

 Right Cuneus / Precuneus / Posterior Cingulate Cortex -16 -64 18 -7.8 1551 

 Right Precuneus / Middle Cingulate Cortex 2 -46 56 -5.6 543 

Control 1 

Left Precentral / Postcentral / Middle / Inferior Frontal Gyrus 

Supplementary Motor Area / Medial Frontal Gyrus / Precuneus / 

Superior / Inferior Parietal Lobule / Middle Occipital Gyrus 

-34 -40 50 10.6 8391 

Left Putamen / Thalamus -22 -8 2 4.1 171 

Right Inferior Frontal Gyrus 42 10 26 4.8 310 

Right Middle Occipital Gyrus 28 -86 2 6.5 312 

Right Superior Temporal Gyrus 52 -46 16 4.7 148 

Right Precuneus / Superior Parietal / Occipital Gyrus 28 -74 28 5.8 779 

Right Anterior Cerebellum Vermis/Culmen 4 -58 -10 4.4 118 

 Right Supplementary Motor Area 4 -20 52 -3.9 118 

Control 2 

Left Precentral/Postcentral / Superior / Middle/Inferior Frontal Gyrus 

/ Supplementary Motor Area / Medial Frontal / Cingulate Gyrus / 

Precuneus / Superior / Inferior Parietal Lobule / Supramarginal 

Gyrus 

-56 2 34 8.0 7968 

Left Putamen / Thalamus -26 -2 2 5.7 534 

Right Postcentral Gyrus 52 -24 44 5.3 213 

Right Supplementary Motor Aresa 4 -20 52 -3.9 118 

Right Precuneus / Superior Parietal Lobule 28 -52 44 6.4 368 

Right Middle Occipital Gyrus 26 -84 0 6.6 188 



22 
 

 

Figure 4. Areas significantly (t-statistic) activated during the first (A) and second (B) halves of 

the learning blocks as well as the first (C) and second (D) halves of the control blocks. Areas 

significantly positively associated with the task regressor are in red while those negatively 

associated are shown in blue.  
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Task Region x y  z 
T-

max 

Cluster 

Size 

gPPI: 

Learning 

Left Precentral / Middle Frontal Gyrus -30 0 60 4.1 328 

Left Superior / Medial Frontal Gyrus / Supplementary Motor Area 

/ Middle Cingulate 

-4 16 52 4.6 974 

Left Insula / Inferior Frontal Gyrus -30 -10 -6 5.4 1258 

Left Lingual Gyrus -20 -60 -6 4.2 145 

Right Superior / Middle Frontal Gyrus 30 4 56 4.6 467 

Right Inferior Frontal Gyrus / Insula /Amygdala 26 2 -2 7.1 2172 

Right Middle Temporal Gyrus 54 -36 0 3.9 198 

Right Parahippocampus / Lingual Gyrus 22 -40 -10 5.0 450 

Bilateral Thalamus -2 -12 4 3.8 252 

gPPI: 

Control 

Left Anterior Cingulate Cortex -2 48 -2 4.0 123 

Left Parahippocampus -20 10 -4 5.4 996 

Left Parahippocampus / Brainstem -20 -36 -6 4.4 595 

Left Middle Temporal Gyrus -56 -42 0 4.1 250 

Right Superior / Middle Frontal Gyrus 26 2 56 3.8 220 

Right Insula / Superior Temporal Gyrus 50 -22 10 4.0 252 

Right Cuneus / Calcarine / Lingual Gyrus 0 -72 0 4.1 630 

Right Amygdala / Parahippocampus 26 4 0 4.9 991 

Bilateral Middle /Anterior / Posterior Cingulate / Cingulate Motor 

Area / Supplemental Motor Area / Lateral Premotor / Superior 

Frontal Gyrus  

6 -36 50 6.5 4117 

gPPI: 

Learning

-Control 

Left Inferior Frontal Gyrus -40 46 14 -7.6 133 

Left Middle Cingulate Cortex -6 -38 46 -6.7 118 

Table 3. Regions that showed significant interaction with the putamen during learning and 

control as well as regions that showed a significant difference (note negative parameter estimate 

differences mean control is greater than learning).  
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Figure 5. Regions where the differences between the gPPI interaction terms are significantly 

different (t-statistic). Blue shows regions where the interaction term was greater in the control 

compared to the learning, while red shows the opposite (none).  
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