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ABSTRACT

Motor tasks have been extensively used to probe neuroplasticity and the changes in MRI signals are often associated
with changes in performance. Changes in performance have been linked to alterations in resting-state fluctuations of
BOLD signal after the end of the task. We hypothesize that motor learning will induce localized changes in cerebral
blood flow (CBF) sustained even after the execution of a motor learning task. We implemented a new motor task to
probe neuroplasticity and mapped the associated cerebrovascular responses. Twenty healthy volunteers underwent
two MRI sessions 1-week apart: a task session with a sequence learning task performed with a data glove and a con-
trol session. During each session, CBF and BOLD signals were acquired during the task and during two periods of
rest, each lasting 8 min, before and after execution of the task. Evoked BOLD and CBF responses to the motor task
were seen to decrease in a regionally specific manner as the task proceeded and performance accuracy improved. We
observed a localized increase in resting CBF in the right extra-striate visual area that was sustained during the 8-min
rest period after the completion of the motor learning task. CBF increase in the area was accompanied by a regional
increase in local BOLD signal synchronization. Our observation suggests an important connection between neuroplas-
tic changes induced by learning and sustained perfusion in the apparently resting brain followed task completion.
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1. INTRODUCTION level such as long-term changes in neurotransmitter
release, induction of long-term potentiation (LTP) leading
to weakening and strengthening of existing synapses
occur rapidly, whereas structural changes such as forma-
tion of new cellular components take place over a long

period of time (Bruel-dJungerman et al., 2007; Butz et al.,

The capacity of the human brain for functional reorganiza-
tion throughout life, termed neuroplasticity, is now well
recognized. Non-invasive neuroimaging enables investi-
gation of the living human brain while learning new skills.
In particular, motor learning tasks have been used to

probe systems level neuroplasticity. The processes under-
lying neuroplasticity are thought to occur over different
timescales. Microscale functional changes at the synaptic

2009; Holtmaat & Svoboda, 2009; Theodosis et al., 2008).
Changes over differing timescales have also been
observed using MRI, where short-term functional changes
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have been reported during the execution of a motor task
(Pascual et al., 1995; Shadmehr & Holcomb, 1997) and
after its completion (Hardwick et al., 2013; Ungerleider
et al., 2002), whereas evidence of structural changes has
been documented over weeks or months (Chapman
et al., 2015; Scholz et al., 2009). Functional magnetic res-
onance imaging is particularly adapted to investigating
changes of brain activity over the timescale of seconds to
minutes. This has led to the use of task-based fMRI to
investigate neuroplasticity either dependent on experi-
ence gained with the task performed during the fMRI ses-
sion or on training carried out between fMRI scan
sessions (Tamas Kincses et al.,, 2008; Thomas et al.,
2009). Furthermore, the observed functional changes in
BOLD signal are often associated with improved perfor-
mance (Doyon & Benali, 2005; Floyer-Lea & Matthews,
2004; Jueptner et al., 1997; Toni et al., 1998).

In contrast to research studies focusing on brain activ-
ity changes during a task, less is known about the exis-
tence and potential role of sustained changes in brain
activity in the minutes following the completion of a task,
such as motor training. The study of resting-state net-
works (RSN) has revealed alterations in functional connec-
tivity (FC) following learning, suggestive of altered patterns
of brain activity after a task. The neuronal circuitry under-
lying the observation of altered RSNs is thought to play an
important role in supporting the execution of behaviour
(Miall & Robertson, 2006). The association between altered
resting activity and changes observed during task perfor-
mance has been studied (Xiong et al., 2009). The strength
of correlation within and between networks has behavioural
relevance (Guerra-Carrillo et al.,, 2014), and given that
experience-dependent sensorimotor plasticity can induce
changes in BOLD resting-state (RS) fluctuations (Amad
et al,, 2017; Ge et al., 2015; Taubert et al., 2011; H. Zhang
et al., 2014), fMRI has been proposed as an effective mea-
sure of plasticity. Thus, the study of RS is particularly
adapted to highlight neuroplastic modification (Buckner &
Vincent, 2007; Guerra-Carrillo et al., 2014).

BOLD-RS can be used to investigate long-distance
FC and connectivity changes have been reported follow-
ing motor training (Albert, Robertson, Miall, et al., 2009)
and they have been associated with performance
improvement (Vahdat et al., 2011), indicating that
BOLD-RS may be used to probe the networks underlying
the consolidation of new motor skills (Sami et al., 2014),
yet there exist a notable gap in comprehending the
impact of training on short-distance (local) FC. Local FC
can be investigated using regional homogeneity (ReHo)
analysis (Zang et al., 2004). ReHo evaluates the similarity
of BOLD signal within specific brain regions, and it is
thought to reflect diverse neurophysiological alterations

(L. Deng et al., 2016; Jiang & Zuo, 2016). Recent findings
indicate a robust correlation between ReHo and glucose
metabolism (S. Deng et al., 2022). Consequently, ReHo
has been employed to investigate local changes associ-
ated with rehabilitation after stroke (Yin et al., 2013),
expertise acquisition (Dong et al., 2014; K. Zhang et al.,
2021), and 2 weeks of motor training (Liu et al., 2022),
positioning ReHo as a promising methodology for inves-
tigating local plasticity.

It is noteworthy that RS fMRI relies on temporal fluctu-
ations of the BOLD signal over the timescale of a few
seconds to a few tens of seconds. It does not reveal
changes in neuronal, vascular, or metabolic activity over
longer timescales. Furthermore, inference of altered neu-
ronal activity from BOLD signal is complicated by the
mixed nature of the physiological changes that underlie
the BOLD response including variation of cerebral blood
flow (CBF), cerebral metabolic rate of oxygen (CMRO,),
and venous blood volume (Blockley et al., 2013). How-
ever, arterial spin labelling (ASL) MRI may be used to map
CBF changes sustained over longer timescales (Mozolic
et al., 2010), with the advantage that CBF is a quantita-
tive physiological parameter more closely linked to neu-
ronal activity and more directly reflective of vascular
function than the BOLD signal.

Under the assumption of healthy neurovascular cou-
pling (ladecola, 2017), we expect CBF to reflect changes
not only in underlying neuronal activity over short
timescales seen for stimulus responses and sponta-
neous fluctuations in neuronal activity, but also for
long-term changes in neuronal activity associated with
brain plasticity. Additionally, we may expect sustained
changes in metabolic activity or cerebrovascular func-
tion that support longer term alteration and reorganiza-
tion of neuronal activity. Following from the observation
that altered resting-state fluctuations following motor
learning are evidence of changes in neuronal behaviour
even during apparent rest after the completion of a task
(Guerra-Carrillo et al., 2014), we hypothesize that there
are observable sustained increases in CBF in motor-
relevant brain regions following the execution of a
motor learning task.

To investigate this hypothesis, we implement a new
motor task, conducted over a period of 12 min, to probe
neuroplasticity and use it to study the voxel-wise
changes in resting CBF over a period of 8 min following
the task. A BOLD-ReHo analysis (Zang et al., 2004) was
performed to investigate changes in local synchroniza-
tion of BOLD signal after the task. Furthermore, an FC
analysis was also conducted to investigate whether,
after completion of the task, there are changes in long-
range BOLD FC.
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2. MATERIALS AND METHODS

2.1. Participants

Twenty healthy volunteers (age: 27.5 + 3.8 years; 11F/9M)
underwent two MRI sessions 1-week apart. Before each
session, participants gave written informed consent and
were screened for MRl compatibility.

Individuals with neurological or psychiatric disorders,
as well as those taking prescribed medication, were
excluded from the study participation. Participants were
instructed to maintain their usual intake of food, drink
(including alcohol), and caffeine on the day of the study.

The study was approved by the Cardiff University
School of Psychology ethics committee.

2.2. Experimental design and motor task

In each of the two sessions, participants underwent a
structural and a functional MRI scan. During the task ses-
sion, participants underwent 8-min resting state, followed
by 12 min of motor task and 8 min of resting state. During
the control session, participants underwent 8 min resting
state, followed by 12 min where they did nothing apart
from lying in the scanner (effectively a further 12 min of
resting state) and 8 min of resting state again (Fig. 1).
During the rest scans in the task session and for the entire
duration of the control session, a white fixation cross and

the word “REST” were presented on a black screen. Ten
participants performed the task session first, while the
other 10 performed the control session first.

For the present experiment, we used an MRI-
compatible right hand data glove (Fifth Dimension Tech-
nologies, 5DT Data Glove 16 MRI, https://5dt.com/5dt
-data-glove-ultra/) with fibreoptic sensors to measure
14 joint angles of the hand. The data glove was worn by
the subjects in the scanner and a set of fibreoptic cables
(5 metres long) connected the glove to the control room,
where the glove was plugged into the stimulus PC and
motor responses were recorded with PsychoPy (Peirce,
2007).

During the task, a white circle presented on a black
screen expanded and contracted in a smooth fashion in
a fixed sequence. Participants were able to control the
size of a green circle, concentric with the white one, by
squeezing their hand into a fist. Namely, the green circle
changed diameter based on the participant’s flexion
and extension of all their fingers. Participants were
instructed to continuously match the size of the two cir-
cles and they were not told of the existence of a fixed
sequence of changes in the diameter of the white circle.
The task was split into 10 blocks, each block lasted for
45 s and was followed by a 30 s rest period. During each
block, the fixed sequence of size changes was pre-
sented three times.

SESSION A
Task session 306

[ =)
8min 12min 8min
REST TASK REST

SESSION B

Control session

8min 12min 8min
REST CONTROL REST

Fig. 1.

Experimental design. Participants were scanned twice. During the task session (A), participants underwent 8 min

resting state, followed by 12 min of motor task, and 8 min of resting state. During the control session (B), participants
underwent 8 min resting state, followed by 12 min where they did nothing apart from lying in the scanner and 8 min of

resting state again.
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2.3. Magnetic resonance imaging

Data were acquired on Siemens Prisma 3T scanner (Sie-
mens Healthineers, Erlangen, Germany), using a 32-channel
receive-only head coil. A magnetization prepared rapid
acquisition with gradient echo (MPRAGE), T1-weighted
structural scan was acquired for registration (1 mm isotro-
pic resolution, 200 slices, TR/TE = 2100/3.24 ms).

All the functional scans were acquired using a pseudo-
continuous arterial spin labelling (pCASL) acquisition with
pre-saturation and background suppression (Okell et al.,
2013) and a dual-excitation (DEXI) readout (Schmithorst
et al., 2014) aimed at producing a good ASL signal from
the short echo-time data and BOLD contrast from the
longer echo-time data. The labelling duration and post-
label delay (PLD) were both set to 1.5 s, GRAPPA accel-
eration (factor of 3) was used with TE1 = 10 ms and
TE2 = 30 ms. An effective TR (the total TR including label-
ling and both readouts) of 4.9 s was used to acquire 16
slices, in-plane resolution 3.4 x 3.4 mm, and slice thick-
ness 7 mm with a 20% slice gap. In total, 175 tag—control
pairs resulted in 350 volumes being acquired over the 28-
min task, given that the scanner ran continuously through
the rest and task periods. A calibration (MO image) was
acquired for ASL quantification with pCASL and back-
ground suppression switched off, with TR of 6 s and
TE =10 ms.

During the entire scanning session, physiological
monitoring was used to record CO, and O, end-tidal
traces using a nasal cannula connected through a sam-
pling line to a gas analyser system (PowerLab®, ADIn-
struments, Sydney, Australia).

2.4. Data analysis

2.4.1. Behavioural response to the task

To estimate the ability of the subject to accomplish the
motor task (continuously match the size of the two circles
as closely as possible), a Pearson’s correlation between
the time-varying diameter of the white circle (pre-fixed
sequence) and the time-varying diameter of the green cir-
cle controlled by the participant’s fist (behavioural
response) was calculated for each block. To investigate
the change in performance during task execution, a
repeated measure one-way ANOVA was performed with
the correlation index between the circle diameters as the
dependent variable and the block number as the inde-
pendent variable. An increase of correlation over time,
from block to block, was taken as a metric of implicit
learning of the pre-fixed sequence. All the analyses were
conducted with an in-house MATLAB (R2017_b, Math-
works Inc., MA, USA) script.

2.4.2. Task fMRI analysis

The first and second echoes from the pCASL sequence’s
data were motion corrected based on six degrees of free-
dom co-registration method using FSL tool MCFLIRT
(Jenkinson et al., 2002) and then brain extracted using
BET (Smith, 2002). Spatial smoothing (FWHM = 4.5 mm)
of the BOLD data (surround average of TE2) was carried
out with SUSAN (Smith & Brady, 1997), with high-pass
temporal filter applied with a cut-off time of 90 s. ASL
perfusion data (computed employing a surround subtrac-
tion of TE1 volumes) were spatially smoothed using a 3D
Gaussian kernel (FWHM = 4.5 mm). The FSL tool FLIRT
(Jenkinson & Smith, 2001) was used to register BOLD
data to individual T1-structural data (12 DOF) and the
FSL tool FNIRT (Andersson et al., 2007) was used for
non-linear registration of the T1-structural data to MNI
standard space (12 DOF). The resulting registration matrix
was then used to transform ASL data (first echo) into T1
and MNI spaces using FNIRT (Andersson et al., 2007).

FSL FEAT was used to analyse task fMRI data. BOLD
and CBF changes were modelled through a gamma con-
volution (Woolrich et al., 2004). The BOLD and CBF task
responses were modelled for the middle 12-min portion of
data: TASK > REST, REST > TASK and linearly decreasing
and increasing task activations over time with parametric
regressors. MCFLIRT motion correction parameters were
added as regressors.

A higher level analysis was performed with FEAT to
model the functional responses to the task across all par-
ticipants using a mixed effects model (FLAME 1). Z statis-
tic images were thresholded at Z > 2.3 with a statistical
cluster threshold of p < 0.05.

2.4.3. Changes in resting CBF induced
by the motor task

Perfusion maps (pre-processed and transformed to MNI
space) were converted into CBF with units of ml/100g/min
using the BASIL toolbox (Chappell et al., 2009), assuming
a labelling efficiency of 0.85 and T1 of blood = 1.65 s. For
each subject, the CBF map of the post-task 8-min rest
period was subtracted from the CBF map of the pre-task
8-min rest period. Thus, we obtained maps of CBF change
for the task and control scan sessions in standard space.
Permutation testing (FSL-RANDOMISE) was used to
investigate the differences between the resting CBF
change maps between the motor task and control scan
sessions at a voxel-wise level. Mean resting end-tidal CO,
concentration differences between the two resting scans
were calculated for each participant and they were included
as a covariate in the group level model. Correction for mul-
tiple comparisons was performed using threshold-free
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cluster enhancement (TFCE) (Smith & Nichols, 2009). Dif-
ferences were considered significant at p < 0.05.

2.4.4. BOLD local connectivity analysis

A regional homogeneity analysis (ReHo) (Zang et al.,
2004) was used to investigate the effect of the task on
reorganization of local connectivity (often assumed to be
related to local activity) in areas showing a significant
increase in CBF during the resting period after the task.

Pre-processed BOLD time series were band-pass fil-
tered (0.01-0.1 Hz) using FSL and then transformed to
individual T1-structural data and to MNI standard space
using FNIRT (Andersson et al., 2007) using the resulting
registration matrix from the above pre-processing. Motion
correction parameters (based on six degrees of freedom
co-registration method) and physiological parameters
(end-tidal CO,) were regressed from the image timeseries
data using SPM12 (www.fil.ion.ucl.ac.uk/spm).

ReHo was calculated on the post-processed BOLD
MRI images using MATLAB (Mathworks Inc.) toolbox
DPABI V5.3 (Yan et al., 2016), in subject space via Kend-
alls coefficient of concordance (KCC) as a local coher-
ence metric of BOLD signal, with 27 neighbouring voxels,
for each resting period (pre-task, post-task, pre-control,
post-control) of the experiment. ReHo maps were then
spatially z-scored to perform the analysis. Differences
between post and pre (AReHo) value were computed for
each session (task and control). A paired one-tailed t-test
was employed to assess whether AReHo metrics
increased after motor task execution compared with the
control session, in areas demonstrating a significant
increase in CBF during the resting period after the task.
Differences were considered significant at p < 0.05.

2.4.5. BOLD functional connectivity analysis

A functional connectivity (FC) analysis was performed
using the processed BOLD fMRI images to investigate
whether sustained CBF changes in the period after com-
pletion of the task are also associated with changes in
FC. Areas showing a significant increase in CBF during
the resting period after the task were used as a seed
region to investigate changes in FC between that seed
region and 116 regions of interest (ROIs) (covering the
entire brain) pre-defined in MNI space by the Automatic
Anatomical Labelling Atlas (AAL) (Tzourio-Mazoyer et al.,
2002). For each subject, the mean (BOLD) timeseries
across voxels was extracted for the seed region and each
of the 116 ROIs using FSL. Analysis was performed in the
standard MNI space. In order to assess the strength of
FC, correlation coefficients were calculated, for each of
the four resting periods (pre/post task, pre/post control),

by correlating the mean time course of the seed region
with the mean time course of each ROI.

A Fisher-z transformation was employed to transform
the sampling distribution of the correlation coefficient to
make it normally distributed. A repeated measure two-
way ANOVA was performed on z-values to investigate
the differences in FC pre/post the task compared with the
control session. Differences were considered significant
if p < 0.05. The analyses were performed on Rstudio
(http://www.rstudio.com/).

3. RESULTS

3.1. Motor task

The ANOVA demonstrated a main effect of block (time)
(F(e,wn = 10.89, p < 0.001). As shown in Figure 2, there
was an increase in temporal correlation of the diameter of
the two circles from block to block and so an improve-
ment of performance with time. Most of the improvement
happened in the first three blocks after which perfor-
mance remained largely stable.

3.2. Task-related fMRI responses

Main areas of positive BOLD and CBF responses during
the task (task > rest) were found bilaterally in post-central
gyri, inferior occipital cortex, superior parietal lobules,
cerebellum (lobules V-VI), and left pre-central gyrus. Sig-
nificant positive BOLD responses were also found bilat-
erally in putamen and in left thalamus (Fig. 3A and B).
Areas of negative BOLD and CBF responses (rest > task)

0.9

0.8

0.7 T
06— \P/}/ B——
0.5

0.4

oo |

0.2

Correlation Coefficient

0.1

4 2 3 4 5 6 7 8 9 10

Experimental Blocks

Fig. 2. Behavioural results. Increasing temporal
correlation between the time-dependant diameters of the
two circles throughout task performance (mean + SEM
across participants). This result suggests an improvement
in performance especially over the first three blocks.
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Fig. 3. Top Row: Task execution responses. BOLD (A) and CBF (B) mean responses to task execution reported as z
stats. Main areas of BOLD and CBF responses to the task were found bilaterally in post-central gyri, inferior occipital
cortex, superior parietal lobules, cerebellum (lobules V-VI), and left pre-central gyrus. BOLD activation was also found
bilaterally in putamen and in left thalamus. Bottom Row: Reductions of task responses. Areas of linearly decreasing BOLD
(C) and CBF (D) task response across blocks reported as z statistics. Z statistic images were thresholded at Z > 2.3 with a

two-sided statistical cluster threshold of p < 0.05.

were found bilaterally in the cuneal/cingulate cortex and
in the frontal medial cortex (indicating the default mode
network activation during the rest periods between the
task blocks).

Regions of significant linear reduction from block to
block of task-induced BOLD response were observed
mainly bilaterally in pre-central gyri. Regions of signifi-
cant linear reduction of task-induced CBF response were
observed mainly bilaterally in cerebellum (Fig. 3C and D).
Regions of significant linear increase of task-induced

BOLD response were observed bilaterally in the orbital
cortex, left pre-cuneal cortex, and medial cingulate gyrus.
No such increases were observed for the task-induced
CBF response.

3.3. Sustained increase in CBF after task execution

Voxel-wise analysis showed a localized increase in perfu-
sion in the rest period after task compared with before the
task only in the session in which the motor task was



E. Patitucci, D. Di Censo, A.M. Chiarelli et al.

Imaging Neuroscience, Volume 2, 2024

performed and not in the control session. Significantly
increased perfusion after the task was found in right
extra-striate visual area (MT/V5), this area was also impli-
cated in task performance (Fig. 4A). A plot of CBF over
time in each of the 8-min rest periods (pre-task, post-
task, pre-control, post-control) suggests that the local
increase in CBF was sustained at least for the entire dura-
tion of the rest acquisition (8 min after the end of the task)
(Fig. 4C). We did not observe a decrease of CBF after the
completion of the task in any regions of the brain.

3.4. Local functional connectivity

ReHo values were calculated for each resting period (pre-
task, post-task, pre-control, post-control) in the area of
MT/V5 identified as exhibiting a sustained increase in
CBF (area shown in Fig. 4A), and the differences between
post and pre (AReHo) for each session (task and control)
were computed. A t-test showed higher AReHo in the

1-p=0.95

CBF (ml/100g/min)

task session compared with the control session (t“g) =
1.81, p = 0.04), indicating that ReHo increased only after
performing the motor task in MT/V5 (Fig. 5).

3.5. Long-range functional connectivity

Correlation coefficients (as an index of functional con-
nectivity) between the seed area shown in Figure 4A (MT/
V5 - area of elevated CBF) and each ROl (116 areas
defined on the AAL) were calculated for each subject for
each of the four 8-min rest periods on the BOLD maps.
The correlation coefficients are reported in Table S1 (see
Supplementary Material) as mean + SEM across subjects
for each time point.

The ANOVA showed no main effects of time (before or
after task) or session (motor task vs control) and no inter-
action effect (time x session) in any of the ROlIs indicating
that seed-ROI BOLD-FC did not change in the second rest
period compared with the first, and it did not change with

B Resting CBF in significant voxels
Task Control
— Session Session
5 80
£
>
o 60 -
o ] o
— (@] o
40 o =
2 A EH B3 E
é 2 = (o] o
20 i [ ) s
> B B2 E
o & g B Q
8 0

Resting periods

Pre-task
Post-task
= = = = Pre-control
Post-control

Time (minutes)

Fig. 4. Top Row: Sustained CBF increase following the completion of the task (group level). (A) Blue: Area (MT/V5)
showing increase in resting CBF (blue) after task execution (reported as p value). This area constituted our region of
interest (ROI) for BOLD functional connectivity analysis. Green indicates mean BOLD-related task response across the 10
experimental blocks reported as z stats. Z statistic image was thresholded at Z > 2.3 with a two-sided statistical cluster
threshold of p < 0.05. (B) Group mean + SEM resting CBF during the different resting periods (pre-/post- task/control) in
the region of increased CBF indicated in (A). Bottom Row: Group mean CBF during the different rest periods in area
(MT/V5). (C) For each resting-state period (pre/post task, pre/post control), CBF (y axis) in significant area (MT/V5 as
shown in A) was plotted over the duration of the rest acquisition (x axis). Blue line represents CBF after the task showing a
higher CBF compared with the other rest periods for the entire duration of the measurement (8 min). This suggests that the
increased CBF response is sustained for at least 8 min after the end of the task.
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ReHo differences in resting periods
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Fig. 5. Differences in ReHo metrics at each experimental
session. ReHo metrics were calculated for each resting
period (pre-task, post-task, pre-control, post-control) in
the MT/V5 area, identified as exhibiting raised CBF, and
converted to z-scores. Differences in each session are
plotted (blue: ReHo differences between post-task and
pre-task session; grey: ReHo differences between post-
control and pre-control session). The values are plotted as
mean and SEM. An increase of local connectivity (ReHo) in
the resting period after the execution of the task (blue) was
observed. The increase was not observed in the control
session (grey). Statistical significance was assessed using
a one-tailed t-test, denoted by an asterisk (*) to indicate a
significance level of p < 0.05.

session (motor task vs control). The matrices of Figure S1
(see Supplementary Material) show the correlation index
(FC) and their significance (p value) for each seed-ROI cor-
relation index (Z score transformed) at each time point.

4. DISCUSSION

We have demonstrated a localized CBF increase in MT/
V5 in the 8 min after the completion of a 12-min motor
learning task accompanied by an increased synchroniza-
tion of local BOLD signal. We also demonstrated decreas-
ing BOLD and CBF responses during task execution,
accompanied by an improvement in performance, sug-
gesting that our task was well designed to probe effects
of motor learning and thus potential neuroplasticity.

4.1. A data glove as a new tool to study
neuroplasticity

To the best of our knowledge, we have demonstrated for
the first time the use of a data glove to probe neuroplasti-
city in healthy volunteers. Previous studies have employed
a data glove in the context of neurorehabilitation, brain
recovery, and assessment of functions in clinical popula-
tions (Bonzano et al.,, 2015; Limanowski et al., 2017;
Ranganathan, 2017; Richards et al., 2015), whereas we
asked participants to perform a sequence learning task.

Neuroimaging studies have largely employed variants of
the serial reaction time task (SRTT) (Nissen & Bullemer,
1987) to study neural correlates and adaptations of
sequential motor learning (Hardwick et al., 2013). The brain
areas commonly showing activity in such tasks include the
striatum, cerebellum, and pre-frontal areas (Robertson,
2007), while performance improvements have been asso-
ciated with activation in pre-motor cortical regions, cau-
date, and associative cerebellar regions (Hikosaka et al.,
2002). Our results are consistent with the above studies.

We also observed a decrease of activation between
blocks during task execution which is consistent with pre-
vious studies reporting that motor training is associated
with reduced excitability of the motor cortex (Pascual
et al., 1995; Shadmehr & Holcomb, 1997). Decreasing
activity revealed during fMRI studies may reflect changes
due to increased efficiency, reduced errors, and consolida-
tion of learning (Hardwick et al., 2013). We found a decrease
in both BOLD and CBF modulations, indicating a change
in the recruitment of neural resources (Reber, 2013).

4.2. Baseline perfusion increases following
12 min of motor task

The localized increase in CBF sustained after the motor
task was specific to the task as it was not observed fol-
lowing a rest period of equivalent duration. It is not, there-
fore, explicable by the simple passage of time. To the
best of our knowledge, the present study is the first to
investigate changes in resting CBF in the minutes after
the execution of a motor task compared with a period of
rest before task execution. Previous studies have used
BOLD fMRI to assess functional changes following task
execution and they demonstrated that experience-
dependent sensorimotor plasticity can induce changes in
BOLD RS signal fluctuations (Amad et al., 2017; Ge et al.,
2015; Taubert et al., 2011; H. Zhang et al., 2014). Such
studies have shown that resting-state BOLD fMRI offers
a valuable index of the functional changes that support
sensorimotor adaptive processes (Guerra-Carrillo et al.,
2014). In particular, motor training studies show that the
changes in BOLD RSN are not confined to canonical
regions supporting motor functions (Guerra-Carrillo et al.,
2014). Therefore, motor learning can induce changes in
FC, and this is suggestive of a functional reorganization
of the brain networks supporting the offline consolidation
of new motor skills (Sami et al., 2014). Furthermore,
changes in spontaneous brain fluctuations have been
associated with the performance improvement (Vahdat
et al.,, 2011). We observed changes in perfusion in the
right extra-striate visual area (MT/V5). Previous studies
have shown that MT/V5 is activated during visual motion
processing (Brandt et al., 2000; Peuskens et al., 2001)
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and it correlates with the ability of the subject to pay
attention to the visual motion and complete the task
(Blchel et al., 1998; Friston & Blichel, 2000), therefore, it
is involved in visual processing task (Dupont et al., 1994;
Olson et al., 2004). The attentional component of MT/V5
is also supported by the extensive connectivity with lower
attentional areas. MT/V5 is anatomically connected with
subcortical regions such as claustrum, putamen, and
thalamic nuclei (Maunsell & Van Essen, 1983), which are
regions that are widely involved in motor learning (Doyon
et al., 2003; Lehéricy et al., 2005). Furthermore, previous
studies that used BOLD signal to investigate RS changes
after tasks/training report modifications in areas involved
in the process of motor learning (Albert, Robertson, Miall,
et al., 2009; Amad et al., 2017; H. Zhang et al., 2014).

We suggest that the observed changes in perfusion,
sustained after the completion of the task, mark the under-
lying reorganization that supports motor skill acquisition.
However, we cannot identify from the present experiment
the underlying causes of the CBF increase, the principal
possibilities being: (i) sustained increase in neuronal activ-
ity with concomitant increase in metabolic demand; (ii)
preparatory adaptation of microvascular function without
a concomitant increase in metabolic demand, and (jii) the
time needed for a return to CBF baseline levels.

Considering the first possibility and given the link
between CBF and glucose utilization/oxygen consumption
(Raichle et al., 2001; Vaishnavi et al., 2010), the increase in
perfusion may reflect a higher metabolic demand in that
area associated with activation of specific neuronal net-
works and release of messengers responsible for neuro-
vascular coupling (Lecrux et al., 2019; Mathias et al., 2018).
Although the identification of the precise neural correlates
of haemodynamic responses is complex, it has been
observed that changes in haemodynamic responses cor-
relate with changes in gamma band (Harris et al., 2014;
Niessing et al., 2005; Shmuel & Leopold, 2008), which are
a signature of engaged neuronal networks (Jia & Kohn,
2011). Overall, we can speculate that sustained CBF
responses in specific areas could be attributed to a greater
engagement of the underlying networks.

Considering the second possibility, cerebrovascular
plasticity is observed at many hierarchic levels and the
timescale of these different processes spans a wide
range. Changes in CBF in response to increases in neural
activity occur with a time constant on the order of sec-
onds, whereas changes in cerebrovascular architecture
can be due to sensory deprivation, aerobic exercise, or
hypoxia, and they can occur with time constants of sev-
eral weeks (Bogorad et al., 2019). It is not known, but it
remains possible, that the local microvascular network
begins its functional and/or structural adaptation to the
longer term need to increase CBF within minutes of the

completion of a learning task. It has been reported that
physical exercise leads to global and regional CBF
changes in both healthy subjects and people with vascu-
lar disease (Bliss et al., 2021; Stillman et al., 2020). The
neurobiological link between exercise and plasticity is the
brain-derived neurotrophic factor (BDNF). Physical exer-
cise increases the expression of BDNF which is involved
in neuronal plasticity, neurogenesis, synaptogenesis, hip-
pocampal, and cognitive function (Bliss et al., 2021;
Stillman et al., 2020). A similar biological mechanism may
be at work during motor task training.

Given the temporal proximity of the observed changes
in CBF to the cessation of the task, it may be more likely
that CBF increase after the task is caused by changes in
microvascular function or changes in neuronal activity,
rather than microvascular remodelling.

Considering the third possibility, it is known that the
oxygen-glucose index (OGI) at rest is approximately 6.0
(Dalsgaard, 2006) and it falls rapidly during task activa-
tion; indicating a higher consumption of glucose upon
stimulus activation. This implies that an increased pro-
portion of ATP production is provided by aerobic glycoly-
sis (Vaishnavi et al., 2010). The recovery to baseline OGI
is slow after the task ends (Dienel & Cruz, 2016), and
during this time, CBF may remain elevated to supply the
energy needed to the tissue. Additionally, a PET study
(Vafee et al., 2012) confirms previous evidence that
activity-related increases of blood flow are rarely accom-
panied by proportional increases of oxygen consumption
(Fox et al., 1988; Fujita et al., 1999; Gjedde et al., 2002),
demonstrating that prolonged brain activation leads to
glycolytic energy supply while the task is still ongoing,
and OGl increases again after 20 min of task execution.

Although their measurements differ from ours, as they
were taken while subjects were still performing the task,
we may still consider the hypothesis that our temporal
window was not long enough to detect a return to base-
line OGI values. Therefore, the observed elevation in rest-
ing CBF after the completion of the task may be a proxy
of ongoing aerobic glycolytic processes (Shannon et al.,
2016). A better investigation of the flow-metabolism cou-
pling after task execution is, therefore, needed.

Our three explanations for the observed sustained
CBF are not mutually exclusive, as sustained neural
activity needs to be supported by a switchover of meta-
bolic support, which, in the long term, may lead to vascu-
lar re-modelling. Further longitudinal studies are needed
to test the concomitance of these different events.

ASL signal encodes the time course of a single physi-
ological parameter (CBF) and it can detect changes in a
lower frequency range (Borogovac et al., 2010) compared
with BOLD signal which is dominated by noise at low
frequency. Furthermore, CBF measurements are highly
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reproducible across time and scanners (Jann et al., 2015).
We can conclude that CBF is an important imaging
marker for characterizing resting brain function and for
understanding better the neurovascular activity underly-
ing resting states.

4.3. Local effect of motor task intervention

The sustained CBF in MT/V5 was also accompanied by
an increase of ReHo in that region, indicating that the
execution of the 12-min motor task leads to increased
regional synchronization of neural activity as measured
by spontaneous low-frequency BOLD signals. Given the
high test-retest reliability of ReHo (Zuo et al., 2013; Zuo &
Xing, 2014) and its ability to detect regional changes
(Zang et al., 2004), it has been proposed that ReHo could
be a complementary powerful method to investigate
regional plasticity (Zheng et al., 2015), and our results
support this idea. Furthermore, our results are in line with
a previous study reporting ReHo variations associated
with individual improvements in cognitive performance
during longitudinal training (Zheng et al., 2015).

The observed increase in CBF accompanied by
enhanced ReHo is an argument in favour of ReHo as an
fMRI metabolic proxy. Studies investigating the coupling
between ReHo and brain metabolic rates report a posi-
tive association between metabolic measures and ReHo
(Bernier et al., 2017; S. Deng et al., 2022). It is known that
high-energy utilization relies in part on higher perfusion,
as reported by PET studies where a robust association
between brain metabolic rate of glucose and CBF is
shown (Aanerud et al., 2012; Huisman et al., 2012).
Hence, enhanced CBF may contribute to a higher level of
brain metabolic rate of glucose, as well as increase in
ReHo. This hypothesis is further supported by previous
studies reporting a positive correlation between ReHo
and CBF (Li et al., 2012; Zou et al., 2009), indicating that
CBF might, to some extent, contribute to the explanation
of ReHo (Bernier et al., 2017).

Together the previous studies converge on the idea
that the BOLD signal at rest is believed to reflect synaptic
activity (Ekstrom, 2010) and this activity results in changes
in cerebral metabolic rate (Shannon et al., 2016). The
observed concurrent increase in CBF alongside ReHo
changes is more likely attributable to changes in micro-
vascular function or neural activity, rather than microvas-
cular remodelling.

4.4. The sustained CBF response is not a proxy
of BOLD functional connectivity changes

The hypothesis for the present study, that motor learning
causes CBF changes after task completion, was born
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from previously published observations of changes in
BOLD FC sustained after the completion of a motor task.
Previous studies have described the resting state after a
task as a “task-driven” functional network state (Wang
et al, 2012) associated with learning and cognition
(Albert, Robertson, Miall, et al., 2009; Grigg & Grady,
2010; Hasson et al., 2009; Lewis et al., 2009; Vincent,
2009; Waites et al., 2005). The results have been inter-
preted as subjects covertly rehearsing the task they have
just completed, given that they were interested in improv-
ing their performance. The process of rehearsing engages
the task-dependent brain network dynamics just evoked
and promotes learning and adaptation during this rest
period. Such recruitment of task-related brain dynamics
during a post-task resting state might facilitate the devel-
opment of task-related expertise (Muraskin et al., 2016;
H. Zhang et al., 2014). Resting-state fMRI is then consid-
ered an effective measure of plasticity where the activity
patterns can reflect the history of repeated activation
between and within regions (Amad et al., 2017), and pre-
vious studies reported strengthening of connections
assessed with BOLD after motor tasks of various difficul-
ties (Lewis et al., 2009; Tung et al., 2013), observed also
after a few minutes following the training (Albert,
Robertson, Mehta, et al., 2009; Tambini et al., 2010;
Waites et al., 2005).

To test whether changing BOLD FC is linked to the
observed alteration in CBF, we examined the BOLD FC
between the region of increased CBF in right extra-striate
visual area (MT/V5) and the rest of the brain on a region-
wise basis. However, we observed no such changes in
FC (Fig. S1). This observation suggests that CBF map-
ping provides different information concerning changes
in neural network activity compared with BOLD FC anal-
ysis. This is not surprising given that we expect CBF over
8 min to mark tonic changes in neuronal activity, whereas
BOLD FC is sensitive to fluctuations over a shorter times-
cale. The simultaneous acquisition of both BOLD FC and
CBF ASL data may provide complementary information
about brain functional network reorganization and poten-
tially related underlying neurovascular changes. We note
that the manner in which BOLD fMRI data were collected
in the present study was not optimized for ReHo or FC
analysis. Specifically, the TR was long and the voxel size
was large, both constraints imposed by the need to use
ASL to address our primary hypothesis regarding CBF
changes. Despite the long TR, we were able to investi-
gate the typical frequency range of BOLD fluctuations
used in ReHo and FC correlation analysis (0.01-0.1 Hz),
with the maximum frequency evaluated below the Nyquist
frequency of recordings. As a result of the limited number
of samples, we anticipate that the longer TR reduces the
confidence in our estimates, but provided an unbiased
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estimation compared with what we would have been
obtained with a shorter TR and the same explored signal
frequencies.

However, it is important to highlight that the reduced
spatial resolution is indeed a limitation of our study. This
limitation could introduce bias in the estimation of ReHo
and FC, both influenced by partial volume effects and the
inherently coarser estimation of temporal signal correla-
tions across space.

Moreover, the lack of significant findings in relation to
FC between MT/V5 and the rest of the brain does not
exclude the possibility that FC changes occur between
other brain regions.

5. CONCLUSION

We have demonstrated a localized change in resting CBF
and BOLD ReHo in right extra-striate visual area (MT/V5)
during a period of rest after the completion of a motor
learning task. This may be suggestive of ongoing mecha-
nisms related to neuronal network plasticity either from
sustained alterations of neuronal activity or from modifica-
tion of the functional status of the local microvasculature.
Further studies are needed to isolate the neurovascular
mechanisms underlying reorganization after the competi-
tion of the motor task.

DATA AND CODE AVAILABILITY

The data supporting the conclusions of this study are avail-
able at https://doi.org/10.17035/cardiff.26739589. Access
to the dataset can be obtained by contacting the corre-
sponding author, or by following the repository guidelines.

AUTHOR CONTRIBUTIONS

E.P, R.G.W.,, and V.T. designed research; E.P. performed
research; M.G. assisted in research; E.P. and D.D.C. anal-
ysed data; E.P,, D.D.C, A.M.C., and R.G.W. wrote the paper.

FUNDING

This work was supported by Wellcome Trust Ph.D. stu-
dentship [203965/Z/16/Z] and partially supported by the
UK Engineering and Physical Sciences Research Council
(EP/S025901/1).

This research was funded, in part, by the Wellcome
Trust Strategic Award [104943/Z/14/Z] and Sir Henry
Dale Fellowship [220575/2/20/Z].

This work was partially conducted under the frame-
work of the Departments of Excellence 2023-2027 initia-
tive of the Italian Ministry of Education, Universities and
Research for the Department of Neurosciences, Imaging

11

and Clinical Sciences (DNISC) of the University of Chieti-
Pescara, Italy.

Funded, in part, by the European Union—
NextGenerationEU under the National Recovery and
Resilience Plan (NRRP), Mission 4 Component 2—M4C2,
Investment 1.5—Call for tender No. 3277 of 30.12.2021
Italian Ministry of Universities Award Number: ECS000
00041, Project Title: “Innovation, digitalisation and sus-
tainability for the diffused economy in Central Italy,” Con-
cession Degree No. 1057 of 23.06.2022 adopted by the
Italian Ministry of Universities, CUP: D73C22000840006.

Funded, in part, by the European Union—
NextGenerationEU—ltalian Ministry of University and
Research (MUR), Research National Program (PNR) and
Projects of National Relevance (PRIN), Project Code:
2022BERM2F, Project Title: “Mapping Mitochondrial Func-
tion and Oxygen Metabolism in the Human Brain with Mag-
netic Resonance Imaging.” Funding call No. 104 of
02.02.2022, Concession decree No. 1065 of 18.07.2023
adopted by MUR, ERC Panel LS7 “Prevention, Diagnosis
and Treatment of Human Diseases”. CUP: D53D230134
10001.

Funded, in part, by the European Union—
NextGenerationEU—Iltalian Ministry of University and
Research (MUR), National Plan for Recovery and Resil-
ience (PNRR) and Projects of National Relevance (PRIN),
Project Code: P20225AEEE, Project Title: “Hybrid PET-
MRI to simultaneously probe brain metabolism and cere-
brovascular function in neurodegenerative diseases.”
Funding call No. 1409 of 14.09.2022, Concession decree
No. 1369 of 01.09.2023 adopted by MUR, ERC Panel
LS7 “Prevention, Diagnosis and Treatment of Human Dis-
eases”. CUP: D53D23021480001.

Funded, in part, by the European Union—
NextGenerationEU—Italian Ministry of University and
Research (MUR), National Plan for Recovery and Resil-
ience (PNRR) and Projects of National Relevance (PRIN),
Project Code: P2022ESHT4, Project Title: “Advancing
MRI biomarkers of brain tissue microstructure and ener-
getics in Multiple Sclerosis.” Funding call No. 1409 of
14.09.2022, Concession decree No. 1367 of 01.09.2023
adopted by MUR, ERC Panel LS5 “Neuroscience and
Disorders of the Nervous System”. CUP: D53D2301
9210001

For the purpose of open access, the author has applied
a CC BY public copyright license to any Author Accepted
Manuscript version arising from this submission.

DECLARATION OF COMPETING INTEREST

Authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.


https://doi.org/10.17035/cardiff.26739589

E. Patitucci, D. Di Censo, A.M. Chiarelli et al.

Imaging Neuroscience, Volume 2, 2024

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available with
the online version here: https://doi.org/10.1162/imag_a
_00282.

REFERENCES

Aanerud, J., Borghammer, P.,, Chakravarty, M. M., Vang, K.,
Rodell, A. B., Maller, A., Ashkanian, M., Vafaee, M. S.,
Iversen, P, Johannsen, P, & Gjedde, A. (2012). Brain
energy metabolism and blood flow differences in healthy
aging. Journal of Cerebral Blood Flow and Metabolism,
32(7), 1177-1187. https://doi.org/10.1038/jcbfm.2012.18

Albert, N. B., Robertson, E. M., Mehta, P.,, Miall, R. C.,
Albert, N. B., Robertson, E. M., Mehta, P., & Resting,

R. C. M. (2009). Resting state networks and memory
consolidation resting state networks and memory
consolidation. Communicative & Integrative Biology, 2(6),
530-532.. https://doi.org/10.4161/cib.2.6.9612

Albert, N. B., Robertson, E. M., Miall, R. C., & Hall, G.
(2009). The resting human brain and motor learning.
Current Biology, 19(12), 1023-1027. https://doi.org/10
.1016/j.cub.2009.04.028

Amad, A., Seidman, J., Draper, S. B., Bruchhage, M. M. K,
Lowry, R. G., Wheeler, J., Robertson, A., Williams,

S. C. R., & Smith, M. S. (2017). Motor learning induces
plasticity in the resting brain — Drumming up a
connection. Cerebral Cortex, 27(3), 2010-2021. https://
doi.org/10.1093/cercor/bhw048

Andersson, J. L. R., Jenkinson, M., & Smith, S. (2007).
Non-linear registration aka spatial normalisation. FMRIB
Technial Report TRO7JA2. https://www.fmrib.ox.ac.uk
/datasets/techrep/tr07ja2/tr07ja2.pdf

Bernier, M., Croteau, E., Castellano, C. A., Cunnane, S. C., &
Whittingstall, K. (2017). Spatial distribution of resting-state
BOLD regional homogeneity as a predictor of brain glucose
uptake: A study in healthy aging. Neurolmage, 150, 14-22.
https://doi.org/10.1016/j.neuroimage.2017.01.055

Bliss, E. S., Wong, R. H. X, Howe, P. R. C., & Mills, D. E.
(2021). Benefits of exercise training on cerebrovascular
and cognitive function in ageing. Journal of Cerebral
Blood Flow and Metabolism, 41(3), 447-470. https://doi
.org/10.1177/0271678X20957807

Blockley, N. P, Griffeth, V. E. M., Simon, A. B., & Buxton,
R. B. (2013). A review of calibrated blood oxygenation
level-dependent (BOLD) methods for the measurement
of task-induced changes in brain oxygen metabolism.
NMR in Biomedicine, 26(8), 987-1003. https://doi.org/10
.1002/nbm.2847

Bogorad, M. I, Destefano, J. G., Linville, R. M., Wong,

A. D., & Searson, P. C. (2019). Cerebrovascular plasticity:
Processes that lead to changes in the architecture of
brain microvessels. Journal of Cerebral Blood Flow and
Metabolism, 39(8), 1413-1432. https://doi.org/10.1177
/0271678X19855875

Bonzano, L., Tacchino, A., Roccatagliata, L., Inglese, M.,
Mancardi, G. L., Novellino, A., & Bove, M. (2015). An
engineered glove for investigating the neural correlates of
finger movements using functional magnetic resonance
imaging. Frontiers in Human Neuroscience, 9, 503.
https://doi.org/10.3389/fnhum.2015.00503

Borogovac, A., Habeck, C., Small, S. A., & Asllani, I. (2010).
Mapping brain function using a 30-day interval between
baseline and activation: A novel arterial spin labeling
fMRI approach. Journal of Cerebral Blood Flow &
Metabolism, 30(10), 1721-1733. https://doi.org/10.1038
/jcbfm.2010.89

12

Brandt, T., Stephan, T., Bense, S., Yousry, T. A., & Dieterich,
M. (2000). Hemifield visual motion stimulation: An
example of intrehemispheric crosstalk. NeuroReport,
11(12), 2803-2809. https://doi.org/10.1097/00001756
-200008210-00039

Bruel-Jungerman, E., Davis, S., & Laroche, S. (2007). Brain
plasticity mechanisms and memory: A party of four.
Neuroscientist, 13(5), 492-505. https://doi.org/10.1177
/1073858407302725

Blchel, C., Josephs, O., Rees, G., Turner, R., Frith, C. D., &
Friston, K. J. (1998). The functional anatomy of attention
to visual motion. A functional MRI study. Brain, 121(7),
1281-1294. https://doi.org/10.1093/brain/121.7.1281

Buckner, R. L., & Vincent, J. L. (2007). Unrest at rest:
Default activity and spontaneous network correlations.
Neurolmage, 37, 1091-1096. https://doi.org/10.1016/j
.neuroimage.2007.01.010

Butz, M., Worgétter, F.,, & van Ooyen, A. (2009). Activity-
dependent structural plasticity. Brain Research Reviews,
60(2), 287-305. https://doi.org/10.1016/j.brainresrev
.2008.12.023

Chapman, S. B., Aslan, S., Spence, J. S., Hart, J. J.,

Bartz, E. K., Didehbani, N., Keebler, M. W., Gardner,
C. M., Strain, J. F, Defina, L. F,, & Lu, H. (2015). Neural
mechanisms of brain plasticity with complex cognitive
training in healthy seniors. Cerebral Cortex, 25(2),
396-405. https://doi.org/10.1093/cercor/bht234

Chappell, M. A,, Groves, A. R., Whitcher, B., & Woolrich,

M. W. (2009). Variational Bayesian inference for a
nonlinear forward model. [EEE Transactions on Signal
Processing, 57(1), 223-236. https://doi.org/10.1109/tsp
.2008.2005752

Dalsgaard, M. K. (2006). Fuelling cerebral activity in
exercising man. Journal of Cerebral Blood Flow and
Metabolism, 26(6), 731-750. https://doi.org/10.1038/s;j
.jcbfm.9600256

Deng, L., Sun, J., Cheng, L., & Tong, S. (2016).
Characterizing dynamic local functional connectivity in
the human brain. Scientific Reports, 6, 26976. https://doi
.org/10.1038/srep26976

Deng, S., Franklin, C. G., O’'Boyle, M., Zhang, W.,

Heyl, B. L., Jerabek, P. A,, Lu, H., & Fox, P. T. (2022).
Hemodynamic and metabolic correspondence of resting-
state voxel-based physiological metrics in healthy adults.
Neurolmage, 250, 118923. https://doi.org/10.1016/j
.neuroimage.2022.118923

Dienel, G. A., & Cruz, N. F. (2016). Aerobic glycolysis during
brain activation: Adrenergic regulation and influence of
norepinephrine on astrocytic metabolism. Journal of
Neurochemistry, 138(1), 14-52. https://doi.org/10.1111
/jnc.13630

Dong, M., Qin, W., Zhao, L., Yang, X., Yuan, K., Zeng, F.,,
Sun, J., Yu, D., von Deneen, K. M., Liang, F., & Tian, J.
(2014). Expertise modulates local regional homogeneity
of spontaneous brain activity in the resting brain: An
fMRI study using the model of skilled acupuncturists.
Human Brain Mapping, 35(3), 1074-1084. https://doi.org
/10.1002/hbm.22235

Doyon, J., & Benali, H. (2005). Reorganization and plasticity
in the adult brain during learning of motor skills. Current
Opinion in Neurobiology, 15, 161-167. https://doi.org/10
.1016/j.conb.2005.03.004

Doyon, J., Penhune, V., & Ungerleider, L. G. (2003). Distinct
contribution of the cortico-striatal and cortico-cerebellar
systems to motor skill learning. Neuropsychologia, 41(3),
252-262. https://doi.org/10.1016/S0028-3932(02)00158-6

Dupont, P, Orban, G. A., De Bruyn, B., Verbruggen, A., &
Mortelmans, L. (1994). Many areas in the human brain
respond to visual motion. Journal of Neurophysiology,


https://doi.org/10.1162/imag_a_00282
https://doi.org/10.1162/imag_a_00282
https://doi.org/10.1038/jcbfm.2012.18
https://doi.org/10.4161/cib.2.6.9612
https://doi.org/10.1016/j.cub.2009.04.028
https://doi.org/10.1016/j.cub.2009.04.028
https://doi.org/10.1093/cercor/bhw048
https://doi.org/10.1093/cercor/bhw048
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja2/tr07ja2.pdf
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja2/tr07ja2.pdf
https://doi.org/10.1016/j.neuroimage.2017.01.055
https://doi.org/10.1177/0271678X20957807
https://doi.org/10.1177/0271678X20957807
https://doi.org/10.1002/nbm.2847
https://doi.org/10.1002/nbm.2847
https://doi.org/10.1177/0271678X19855875
https://doi.org/10.1177/0271678X19855875
https://doi.org/10.3389/fnhum.2015.00503
https://doi.org/10.1038/jcbfm.2010.89
https://doi.org/10.1038/jcbfm.2010.89
https://doi.org/10.1097/00001756-200008210-00039
https://doi.org/10.1097/00001756-200008210-00039
https://doi.org/10.1177/1073858407302725
https://doi.org/10.1177/1073858407302725
https://doi.org/10.1093/brain/121.7.1281
https://doi.org/10.1016/j.neuroimage.2007.01.010
https://doi.org/10.1016/j.neuroimage.2007.01.010
https://doi.org/10.1016/j.brainresrev.2008.12.023
https://doi.org/10.1016/j.brainresrev.2008.12.023
https://doi.org/10.1093/cercor/bht234
https://doi.org/10.1109/tsp.2008.2005752
https://doi.org/10.1109/tsp.2008.2005752
https://doi.org/10.1038/sj.jcbfm.9600256
https://doi.org/10.1038/sj.jcbfm.9600256
https://doi.org/10.1038/srep26976
https://doi.org/10.1038/srep26976
https://doi.org/10.1016/j.neuroimage.2022.118923
https://doi.org/10.1016/j.neuroimage.2022.118923
https://doi.org/10.1111/jnc.13630
https://doi.org/10.1111/jnc.13630
https://doi.org/10.1002/hbm.22235
https://doi.org/10.1002/hbm.22235
https://doi.org/10.1016/j.conb.2005.03.004
https://doi.org/10.1016/j.conb.2005.03.004
https://doi.org/10.1016/S0028-3932(02)00158-6

E. Patitucci, D. Di Censo, A.M. Chiarelli et al.

Imaging Neuroscience, Volume 2, 2024

72(3), 1420-1424. https://doi.org/10.1152/jn.1994.72.3
1420

Ekstrom, A. (2010). How and when the fMRI BOLD signal
relates to underlying neural activity: The danger in
dissociation. Brain Research Reviews, 62(2), 233-244.
https://doi.org/10.1016/j.brainresrev.2009.12.004

Floyer-Lea, A., & Matthews, P. M. (2004). Changing
brain networks for visuomotor control with increased
movement automaticity. Journal of Neurophysiology,
92(4), 2405-2412. https://doi.org/10.1152/jn.01092.2003

Fox, P. T., Raichle, M. E., Mintun, M. A., & Dence, C.
(1988). Nonoxidative glucose consumption during focal
physiologic neural activity. Science, 241, 462-464.
https://doi.org/10.1126/science.3260686

Friston, K. J., & Blchel, C. (2000). Attentional modulation
of effective connectivity from V2 to V5/MT in humans.
Proceedings of the National Academy of Sciences of the
United States of America, 97(13), 7591-7596. https://doi
.org/10.1073/pnas.97.13.7591

Fujita, H., Kuwabara, H., Reutens, D. C., & Gjedde, A.
(1999). Oxygen consumption of cerebral cortex fails
to increase during continued vibrotactile stimulation.
Journal of Cerebral Blood Flow and Metabolism, 19(3),
266-271. https://doi.org/10.1097/00004647-199903000
-00004

Ge, R., Zhang, H., Yao, L., & Long, Z. (2015). Motor imagery
learning induced changes in functional connectivity of
the default mode network. IEEE Transactions on Neural
Systems and Rehabilitation Engineering, 23(1), 138-148.
https://doi.org/10.1109/tnsre.2014.2332353

Gjedde, A., Marrett, S., & Vafaee, M. (2002). Oxidative
and nonoxidative metabolism of excited neurons
and astrocytes. Journal of Cerebral Blood Flow &
Metabolism, 22, 1-14. https://doi.org/10.1097/00004647
-200201000-00001

Grigg, O., & Grady, C. L. (2010). Task-related effects on the
temporal and spatial dynamics of resting-state functional
connectivity in the default network. PLoS One, 5(10),
e13311. https://doi.org/10.1371/journal.pone.0013311

Guerra-carrillo, B., Mackey, A. P, & Bunge, S. A. (2014).
Resting-state fMRI: A window into human brain plasticity.
The Neuroscientist, 20(5), 522-533. https://doi.org/10
.1177/1073858414524442

Hardwick, R. M., Rottschy, C., Miall, R. C., & Eickhoff, S. B.
(2013). A quantitative meta-analysis and review of motor
learning in the human brain. Neurolmage, 67, 283-297.
https://doi.org/10.1016/j.neuroimage.2012.11.020

Harris, S., Ma, H., Zhao, M., Boorman, L., Zheng, Y.,
Kennerley, A., Bruyns-haylett, M., Overton, P. G.,
Berwick, J., & Schwartz, T. H. (2014). Coupling between
gamma-band power and cerebral blood volume during
recurrent acute neocortical seizures. Neurolmage, 97,
62-70. https://doi.org/10.1016/j.neurcimage.2014.04.014

Hasson, U., Nusbaum, H. C., & Small, S. L. (2009). Task-
dependent organization of brain regions active during
rest. Proceedings of the National Academy of Sciences
of the United States of America, 106(26), 10841-10846.
https://doi.org/10.1073/pnas.0903253106

Hikosaka, O., Nakamura, K., Sakai, K., & Nakahara, H.
(2002). Central mechanisms of motor skill learning.
Current Opinion in Neurobiology, 12(2), 217-222. https://
doi.org/10.1016/s0959-4388(02)00307-0

Holtmaat, A., & Svoboda, K. (2009). Experience-dependent
structural synaptic plasticity in the mammalian brain.
Nature Reviews Neuroscience, 10(9), 647-658. https://
doi.org/10.1038/nrn2699

Huisman, M. C., van Golen, L. W., Hoetjes, N. J., Greuter,
H. N., Schober, P., lizerman, R. G., Diamant, M., &
Lammertsma, A. A. (2012). Cerebral blood flow and

13

glucose metabolism in healthy volunteers measured
using a high-resolution PET scanner. EINMMI Research,
2(1), 63. https://doi.org/10.1186/2191-219X-2-63

ladecola, C. (2017). The neurovascular unit coming of age:
A journey through neurovascular coupling in health and
disease. Neuron, 96(1), 17-42. https://doi.org/10.1016/J
.NEURON.2017.07.030

Jann, K., Gee, D. G., Kilroy, E., Schwab, S., Smith, R. X.,
Cannon, T. D., & Wang, D. J. J. (2015). Functional
connectivity in BOLD and CBF data: Similarity and
reliability of resting brain networks. Neurolmage, 106,
111-122. https://doi.org/10.1016/j.neuroimage.2014.11
.028

Jenkinson, M., Bannister, P., Brady, M., & Smith, S. (2002).
Improved optimization for the robust and accurate linear
registration and motion correction of brain images.
Neurolmage,17(2), 825-841. https://doi.org/10.1006
/nimg.2002.1132

Jenkinson, M., & Smith, S. (2001). A global optimisation
method for robust affine registration of brain images.
Medical Image Analysis, 5(2), 143-156. https://doi.org/10
.1016/s1361-8415(01)00036-6

Jia, X., & Kohn, A. (2011). Gamma rhythms in the brain.
PLoS Biology, 9(4), 2-5. https://doi.org/10.1371/journal
.pbio.1001045

Jiang, L., & Zuo, X. N. (2016). Regional homogeneity: A
multimodal, multiscale neuroimaging marker of the
human connectome. Neuroscientist, 22(5), 486-505.
https://doi.org/10.1177/1073858415595004

Jueptner, M., Frith, C. D., Brooks, D. J., Frackowiak,
R. S. J., & Passingham, R. E. (1997). Anatomy of motor
learning. Il. Subcortical structures and learning by trial
and error. Journal of Neurophysiology, 77(3), 1325-1337.
https://doi.org/10.1152/jn.1997.77.3.1325

Lecrux, C., Bourourou, M., & Hamel, E. (2019). How reliable
is cerebral blood flow to map changes in neuronal
activity? Autonomic Neuroscience: Basic and Clinical,
217, 71-79. https://doi.org/10.1016/j.autneu.2019.01.005

Lehéricy, S., Benali, H., Van de Moortele, P.-F., Pélégrini-
Issac, M., Waechter, T., Ugurbil, K., & Doyon, J. (2005).
Distinct basal ganglia territories are engaged in early and
advanced motor sequence learning. Proceedings of the
National Academy of Sciences of the United States of
America, 102(35), 12566-12571. https://doi.org/10.1073
/pnas.0502762102

Lewis, C. M., Baldassarre, A., Committeri, G., Luca, G., &
Corbetta, M. (2009). Learning sculpts the spontaneous
activity of the resting human brain. Proceedings of the
National Academy of Sciences of the United States of
America, 106(41), 17558-17563. 1-6. https://doi.org/10
.1073/pnas.0902455106

Li, Z., Zhu, Y., Childress, A. R., Detre, J. A., & Wang, Z.
(2012). Relations between BOLD fMRI-derived resting
brain activity and cerebral blood flow. PLoS One, 7(9).
https://doi.org/10.1371/journal.pone.0044556

Limanowski, J., Kirilina, E., & Blankenburg, F. (2017).
Neuronal correlates of continuous manual tracking under
varying visual movement feedback in a virtual reality
environment. Neurolmage, 146, 81-89. https://doi.org/10
.1016/j.neuroimage.2016.11.009

Liu, Y., Huang, S., Wang, Z., Ji, F, & Ming, D. (2022).
Functional reorganization after four-week brain—-computer
interface-controlled supernumerary robotic finger
training: A pilot study of longitudinal resting-state fMRI.
Frontiers in Neuroscience, 15, 766648. https://doi.org/10
.3389/fnins.2021.766648

Mathias, E. J., Kenny, A., Plank, M. J., & David, T. (2018).
Integrated models of neurovascular coupling and BOLD
signals: Responses for varying neural activations.


https://doi.org/10.1152/jn.1994.72.3.1420
https://doi.org/10.1152/jn.1994.72.3.1420
https://doi.org/10.1016/j.brainresrev.2009.12.004
https://doi.org/10.1152/jn.01092.2003
https://doi.org/10.1126/science.3260686
https://doi.org/10.1073/pnas.97.13.7591
https://doi.org/10.1073/pnas.97.13.7591
https://doi.org/10.1097/00004647-199903000-00004
https://doi.org/10.1097/00004647-199903000-00004
https://doi.org/10.1109/tnsre.2014.2332353
https://doi.org/10.1097/00004647-200201000-00001
https://doi.org/10.1097/00004647-200201000-00001
https://doi.org/10.1371/journal.pone.0013311
https://doi.org/10.1177/1073858414524442
https://doi.org/10.1177/1073858414524442
https://doi.org/10.1016/j.neuroimage.2012.11.020
https://doi.org/10.1016/j.neuroimage.2014.04.014
https://doi.org/10.1073/pnas.0903253106
https://doi.org/10.1016/s0959-4388(02)00307-0
https://doi.org/10.1016/s0959-4388(02)00307-0
https://doi.org/10.1038/nrn2699
https://doi.org/10.1038/nrn2699
https://doi.org/10.1186/2191-219X-2-63
https://doi.org/10.1016/J.NEURON.2017.07.030
https://doi.org/10.1016/J.NEURON.2017.07.030
https://doi.org/10.1016/j.neuroimage.2014.11.028
https://doi.org/10.1016/j.neuroimage.2014.11.028
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1016/s1361-8415(01)00036-6
https://doi.org/10.1016/s1361-8415(01)00036-6
https://doi.org/10.1371/journal.pbio.1001045
https://doi.org/10.1371/journal.pbio.1001045
https://doi.org/10.1177/1073858415595004
https://doi.org/10.1152/jn.1997.77.3.1325
https://doi.org/10.1016/j.autneu.2019.01.005
https://doi.org/10.1073/pnas.0502762102
https://doi.org/10.1073/pnas.0502762102
https://doi.org/10.1073/pnas.0902455106
https://doi.org/10.1073/pnas.0902455106
https://doi.org/10.1371/journal.pone.0044556
https://doi.org/10.1016/j.neuroimage.2016.11.009
https://doi.org/10.1016/j.neuroimage.2016.11.009
https://doi.org/10.3389/fnins.2021.766648
https://doi.org/10.3389/fnins.2021.766648

E. Patitucci, D. Di Censo, A.M. Chiarelli et al.

Imaging Neuroscience, Volume 2, 2024

Neurolmage, 174, 69-86. https://doi.org/10.1016/j
.neuroimage.2018.03.010

Maunsell, J. H. R., & Van Essen, D. C. (1983). The
connections of the middle temporal visual area (MT) and
their relationship to a cortical hierarchy in the macaque
monkey. Journal of Neuroscience, 3(12), 2563-2586.
http://www.jneurosci.org/content/jneuro/3/12/2563
full.pdf

Miall, C. R., & Robertson, E. M. (2006). Functional Imaging:
Is the resting brain resting? Current Biology, 16(23),
998-1000. https://doi.org/10.1016/j.cub.2006.10.041

Mozolic, J. L., Hayasaka, S., & Laurienti, P. J. (2010). A
cognitive training intervention increases resting cerebral
blood flow in healthy older adults. Frontiers in Human
Neuroscience, 4, 16. https://doi.org/10.3389/neuro.09
.016.2010

Muraskin, J., Dodhia, S., Lieberman, G., Garcia, J. O.,
Verstynen, T., Vettel, J. M., Sherwin, J., & Sajda, P.
(2016). Brain dynamics of post-task resting state are
influenced by expertise: Insights from baseball players.
Human Brain Mapping, 37(12), 4454-4471. https://doi
.org/10.1002/hbm.23321

Niessing, J., Ebisch, B., Schmidt, K. E., Niessing, M.,
Singer, W., & Galuske, R. A. W. (2005). Hemodynamic
signals correlate tightly with synchronized gamma
oscillations. Science, 309(5736), 948-951. https://doi.org
/10.1126/science.1110948

Nissen, M. J., & Bullemer, P. (1987). Attentional
requirements of learning: Evidence from performance
measures. Cognitive Psychology, 19(1), 1-32. https://doi
.org/10.1016/0010-0285(87)90002-8

Okell, T. W., Chappell, M. A., Kelly, M. E., & Jezzard, P.
(2013). Cerebral blood flow quantification using vessel-
encoded arterial spin labeling. Journal of Cerebral Blood
Flow & Metabolism, 33(11), 1716-1724. https://doi.org
/10.1038/jcbfm.2013.129

Olson, I. R., Gatenby, J. C., Leung, H. C., Skudlarski, P., &
Gore, J. C. (2004). Neuronal representation of occluded
objects in the human brain. Neuropsychologia, 42(1),
95-104. https://doi.org/10.1016/S0028-3932(03)
00151-9

Pascual, A., Wassermann, E. M., Sadato, N., & Hallett, M.
(1995). The role of reading activity on the modulation
of motor cortical outputs to the reading hand in braille
readers. Annals of Neurology, 38(6), 910-915. https://doi
.org/10.1002/ana.410380611

Peirce, J. W. (2007). PsychoPy-Psychophysics software
in Python. Journal of Neuroscience Methods, 162(1-2),
8-13. https://doi.org/10.1016/j.jneumeth.2006.11.017

Peuskens, H., Sunaert, S., Dupont, P.,, Van Hecke, P, &
Orban, G. A. (2001). Human brain regions involved in
heading estimation. Journal of Neuroscience, 21(7),
2451-2461. https://doi.org/10.1523/jneurosci.21-07
-02451.2001

Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers,
W. J., Gusnard, D. A., & Shulman, G. L. (2001). A default
mode of brain function. Proceedings of the National
Academy of Sciences of the United States of America,
98(2), 676-682. https://doi.org/10.1073/pnas.98.2.676

Ranganathan, R. (2017). Reorganization of finger
coordination patterns through motor exploration in
individuals after stroke. Journal of Neuroengineering and
Rehabilitation, 14(1), 90. https://doi.org/10.1186/s12984
-017-0300-8

Reber, P. J. (2013). The neural basis of implicit learning
and memory: A review of neuropsychological and
neuroimaging research. Neuropsychologia, 51(10),
2026-2042. https://doi.org/10.1016/j.neuropsychologia
.2013.06.019

14

Richards, D. S., Georgilas, I., & Dagnino, G. (2015).
Powered exoskeleton with palm degrees of freedom for
hand rehabilitation. 37th Annual International Conference
of the IEEE Engineering in Medicine and Biology Society
(EMBC), Milan, ltaly, pp. 4635-4638. https://doi.org/10
.1109/embc.2015.7319427

Robertson, E. M. (2007). The serial reaction time task:
Implicit motor skill learning? Journal of Neuroscience,
27(38), 10073-10075. https://doi.org/10.1523
/JNEUROSCI.2747-07.2007

Sami, S., Robertson, E. M., & Miall, R. C. (2014). The time
course of task-specific memory consolidation effects in
resting state networks. Journal of Neuroscience, 34(11),
3982-3992. https://doi.org/10.1523/JNEUROSCI.4341
-13.2014

Schmithorst, V. J., Hernandez-Garcia, L., Vannest, J.,
Rajagopal, A., Lee, G., & Holland, S. K. (2014). Optimized
simultaneous ASL and BOLD functional imaging of the
whole brain. Journal of Magnetic Resonance Imaging,
39(5), 1104-1117. https://doi.org/10.1002/jmri.24273

Scholz, J., Klein, M. C., Behrens, T. E. J., & Johansen-Berg,
H. (2009). Training induces changes in white-matter
architecture. Nature Neuroscience, 12(11), 1370-1371.
https://doi.org/10.1038/nn.2412

Shadmehr, R., & Holcomb, H. H. (1997). Neural correlates
of motor memory consolidation. Science, 277(5327),
821-825. https://doi.org/10.1126/science.277.5327.821

Shannon, B. J., Vaishnavi, S. N., Vlassenko, A. G., Shimony,
J. S., Rutlin, J., & Raichle, M. E. (2016). Brain aerobic
glycolysis and motor adaptation learning. Proceedings
of the National Academy of Sciences, 113(26),
E3782-E3791. https://doi.org/10.1073/pnas.1604977113

Shmuel, A., & Leopold, D. A. (2008). Neuronal correlates
of spontaneous fluctuations in fMRI signals in monkey
visual cortex: Implications for functional connectivity at
rest. Human Brain Mapping, 761, 751-761. https://doi
.org/10.1002/hbm.20580

Smith, S. M. (2002). Fast robust automated brain
extraction. Human Brain Mapping, 17(3), 143-155.
https://doi.org/10.1002/hbm.10062

Smith, S. M., & Brady, J. M. (1997). SUSAN - A new
approach to low level image processing. International
Journal of Computer Vision, 23(1), 45-78. https://doi.org
/10.1023/A:1007963824710

Smith, S. M., & Nichols, T. E. (2009). Threshold-free cluster
enhancement: Addressing problems of smoothing,
threshold dependence and localisation in cluster
inference. Neurolmage, 44(1), 83-98. https://doi.org/10
.1016/j.neuroimage.2008.03.061

Stillman, C. M., Esteban-Cornejo, I., Brown, B., Bender,

C. M., & Erickson, K. I. (2020). Effects of exercise on
brain and cognition across age groups and health states.
Trends in Neurosciences, 43(7), 533-543. https://doi.org
/10.1016/j.tins.2020.04.010

Tamas Kincses, Z., Johansen-Berg, H., Tomassini, V.,
Bosnell, R., Matthews, P. M., & Beckmann, C. F.

(2008). Model-free characterization of brain functional
networks for motor sequence learning using fMRI.
Neurolmage, 39(4), 1950-1958. https://doi.org/10.1016/J
.NEUROIMAGE.2007.09.070

Tambini, A., Ketz, N., & Davachi, L. (2010). Enhanced brain
correlations during rest are related to memory for recent
experiences. Neuron, 65(2), 280-290. https://doi.org/10
.2307/j.ctt1ffjmdn.14

Taubert, M., Lohmann, G., Margulies, D. S., Villringer, A., &
Ragert, P. (2011). Long-term effects of motor training on
resting-state networks and underlying brain structure.
Neurolmage, 57(4), 1492-1498. https://doi.org/10.1016/j
.neuroimage.2011.05.078


https://doi.org/10.1016/j.neuroimage.2018.03.010
https://doi.org/10.1016/j.neuroimage.2018.03.010
http://www.jneurosci.org/content/jneuro/3/12/2563.full.pdf
http://www.jneurosci.org/content/jneuro/3/12/2563.full.pdf
https://doi.org/10.1016/j.cub.2006.10.041
https://doi.org/10.3389/neuro.09.016.2010
https://doi.org/10.3389/neuro.09.016.2010
https://doi.org/10.1002/hbm.23321
https://doi.org/10.1002/hbm.23321
https://doi.org/10.1126/science.1110948
https://doi.org/10.1126/science.1110948
https://doi.org/10.1016/0010-0285(87)90002-8
https://doi.org/10.1016/0010-0285(87)90002-8
https://doi.org/10.1038/jcbfm.2013.129
https://doi.org/10.1038/jcbfm.2013.129
https://doi.org/10.1016/S0028-3932(03)00151-9
https://doi.org/10.1016/S0028-3932(03)00151-9
https://doi.org/10.1002/ana.410380611
https://doi.org/10.1002/ana.410380611
https://doi.org/10.1016/j.jneumeth.2006.11.017
https://doi.org/10.1523/jneurosci.21-07-02451.2001
https://doi.org/10.1523/jneurosci.21-07-02451.2001
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1186/s12984-017-0300-8
https://doi.org/10.1186/s12984-017-0300-8
https://doi.org/10.1016/j.neuropsychologia.2013.06.019
https://doi.org/10.1016/j.neuropsychologia.2013.06.019
https://doi.org/10.1109/embc.2015.7319427
https://doi.org/10.1109/embc.2015.7319427
https://doi.org/10.1523/JNEUROSCI.2747-07.2007
https://doi.org/10.1523/JNEUROSCI.2747-07.2007
https://doi.org/10.1523/JNEUROSCI.4341-13.2014
https://doi.org/10.1523/JNEUROSCI.4341-13.2014
https://doi.org/10.1002/jmri.24273
https://doi.org/10.1038/nn.2412
https://doi.org/10.1126/science.277.5327.821
https://doi.org/10.1073/pnas.1604977113
https://doi.org/10.1002/hbm.20580
https://doi.org/10.1002/hbm.20580
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1023/A:1007963824710
https://doi.org/10.1023/A:1007963824710
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.tins.2020.04.010
https://doi.org/10.1016/j.tins.2020.04.010
https://doi.org/10.1016/J.NEUROIMAGE.2007.09.070
https://doi.org/10.1016/J.NEUROIMAGE.2007.09.070
https://doi.org/10.2307/j.ctt1ffjmdn.14
https://doi.org/10.2307/j.ctt1ffjmdn.14
https://doi.org/10.1016/j.neuroimage.2011.05.078
https://doi.org/10.1016/j.neuroimage.2011.05.078

E. Patitucci, D. Di Censo, A.M. Chiarelli et al.

Imaging Neuroscience, Volume 2, 2024

Theodosis, D. T., Poulain, D. A., & Oliet, S. H. (2008).
Activity-dependent structural and functional plasticity
of astrocyte-neuron interactions. Physiological Reviews,
88(3), 983-1008. https://doi.org/10.1152/physrev.00036
.2007.

Thomas, A. G., Marrett, S., Saad, Z. S., Ruff, D. A.,

Martin, A., & Bandettini, P. A. (2009). Functional but
not structural changes associated with learning: An
exploration of longitudinal voxel-based morphometry
(VBM). Neurolmage, 48(1), 117-125. https://doi.org/10
.1016/j.neuroimage.2009.05.097

Toni, I., Krams, M., Turner, R., & Passingham, R. E. (1998).
The time course of changes during motor sequence
learning: A whole- brain fMRI study. Neurolmage, 8(1),
50-61. https://doi.org/10.1006/nimg.1998.0349

Tung, K., Uh, J., Mao, D., Xu, F, Xiao, G., & Lu, H. (2013).
Alterations in resting functional connectivity due to
recent motor task. Neurolmage, 78, 316-324. https://doi
.org/10.1016/j.neuroimage.2013.04.006

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D.,
Crivello, F, Etard, O., Delcroix, N., Mazoyer, B., & Joliot,
M. (2002). Automated anatomical labeling of activations
in SPM using a macroscopic anatomical parcellation of
the MNI MRI single-subject brain. Neurolmage, 15(1),
273-289. https://doi.org/10.1006/nimg.2001.0978

Ungerleider, L. G., Doyon, J., & Karni, A. (2002). Imaging
brain plasticity during motor skill learning. Neurobiology
of Learning and Memory, 78(3), 553-564. https://doi.org
/10.1006/nIme.2002.4091

Vafee, M. S., Vang, K., Bergersen, L. H., & Gjedde, A.
(2012). Oxygen consumption and blood flow coupling
in human motor cortex during intense finger tapping
implication for a role of lactate enhanced reader. Journal
of Cerebral Blood Flow & Metabolism, 32(10), 1859-
1868. https://doi.org/10.1038/jcbfm.2012.89

Vahdat, S., Darainy, M., Milner, T. E., & Ostry, D. J.

(2011). Functionally specific changes in resting-state
sensorimotor networks after motor learning. Journal of
Neuroscience, 31(47), 16907-16915. https://doi.org/10
.1523/JNEUROSCI.2737-11.2011

Vaishnavi, S. N., Vlassenko, A. G., Rundle, M. M., Snyder,
A. Z., & Mintun, M. A. (2010). Regional aerobic glycolysis
in the human brain. Proceedings of the National
Academy of Sciences of the United States of America,
107(41), 17757-17762. https://doi.org/10.1073/pnas
.1010459107

Vincent, J. L. (2009). Learning and memory: While you
rest, your brain keeps working. Current Biology, 19(12),
R484-R486. https://doi.org/10.1016/j.cub.2009.05.024

Waites, A. B., Stanislavsky, A., Abbott, D. F, & Jackson,
G. D. (2005). Effect of prior cognitive state on resting
state networks measured with functional connectivity.
Human Brain Mapping, 68, 59-68. https://doi.org/10
.1002/hbm.20069

Wang, Z., Liu, J., Zhong, N., Qin, Y., Zhou, H., & Li, K.
(2012). Changes in the brain intrinsic organization in both
on-task state and post-task resting state. Neurolmage,

15

62(1), 394-407. https://doi.org/10.1016/j.neuroimage
.2012.04.051

Woolrich, M. W., Behrens, T. E. J., & Smith, S. M. (2004).
Constrained linear basis sets for HRF modelling using
variational Bayes. Neurolmage, 21(4), 1748-1761.
https://doi.org/10.1016/j.neuroimage.2003.12.024

Xiong, J., Ma, L., Wang, B., Narayana, S., Duff, E. P.,, Gary,
F., & Fox, P. T. (2009). Long-term motor training induced
changes in regional cerebral blood flow in both task and
resting states. Neurolmage, 45(1), 75-82. https://doi.org
/10.1016/j.neuroimage.2008.11.016

Yan, C. G., Wang, X. Di, Zuo, X. N., & Zang, Y. F. (2016).
DPABI: Data processing & analysis for (resting-state)
brain imaging. Neuroinformatics, 14(3), 339-351. https://
doi.org/10.1007/s12021-016-9299-4

Yin, D., Luo, Y., Song, F, Xu, D., Peterson, B. S., Sun,
L., Men, W., Yan, X., & Fan, M. (2013). Functional
reorganization associated with outcome in hand
function after stroke revealed by regional homogeneity.
Neuroradiology, 55(6), 761-770. https://doi.org/10.1007
/s00234-013-1146-9

Zang, Y., Jiang, T, Lu, Y., He, Y., & Tian, L. (2004).
Regional homogeneity approach to fMRI data analysis.
Neurolmage, 22(1), 394-400. https://doi.org/10.1016/j
.neuroimage.2003.12.030

Zhang, H., Long, Z., Ge, R., Xu, L., Jin, Z., Yao, L., & Liu,
Y. (2014). Motor imagery learning modulates functional
connectivity of multiple brain systems in resting state.
PL0oS One, 9(1), e85489. https://doi.org/10.1371/journal
.pone.0085489

Zhang, K., Liu, Y., Liu, J., Liu, R., & Cao, C. (2021).
Detecting structural and functional neuroplasticity in elite
ice-skating athletes. Human Movement Science, 78,
102795. https://doi.org/10.1016/j.humov.2021.102795

Zheng, Z., Zhu, X., Yin, S., Wang, B., Niu, Y., Huang, X., Li,
R., & Li, J. (2015). Combined cognitive-psychological-
physical intervention induces reorganization of intrinsic
functional brain architecture in older adults. Neural
Plasticity, 2015, 713104. https://doi.org/10.1155/2015
/713104

Zou, Q., Wu, C. W., Stein, E. A., Zang, Y., & Yang, Y. (2009).
Static and dynamic characteristics of cerebral blood flow
during the resting state. Neurolmage, 48(3), 515-524.
https://doi.org/10.1016/j.neuroimage.2009.07.006

Zuo, X. N., & Xing, X. X. (2014). Test-retest reliabilities
of resting-state FMRI measurements in human brain
functional connectomics: A systems neuroscience
perspective. Neuroscience and Biobehavioral Reviews,
45, 100-118. https://doi.org/10.1016/j.neubiorev.2014.05
.009

Zuo, X. N., Xu, T., Jiang, L., Yang, Z., Cao, X. Y., He,
Y., Zang, Y. F,, Castellanos, F. X., & Milham, M. P.
(2013). Toward reliable characterization of functional
homogeneity in the human brain: Preprocessing, scan
duration, imaging resolution and computational space.
Neurolmage, 65, 374-386. https://doi.org/10.1016/j
.neuroimage.2012.10.017


https://doi.org/10.1152/physrev.00036.2007.
https://doi.org/10.1152/physrev.00036.2007.
https://doi.org/10.1016/j.neuroimage.2009.05.097
https://doi.org/10.1016/j.neuroimage.2009.05.097
https://doi.org/10.1006/nimg.1998.0349
https://doi.org/10.1016/j.neuroimage.2013.04.006
https://doi.org/10.1016/j.neuroimage.2013.04.006
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nlme.2002.4091
https://doi.org/10.1006/nlme.2002.4091
https://doi.org/10.1038/jcbfm.2012.89
https://doi.org/10.1523/JNEUROSCI.2737-11.2011
https://doi.org/10.1523/JNEUROSCI.2737-11.2011
https://doi.org/10.1073/pnas.1010459107
https://doi.org/10.1073/pnas.1010459107
https://doi.org/10.1016/j.cub.2009.05.024
https://doi.org/10.1002/hbm.20069
https://doi.org/10.1002/hbm.20069
https://doi.org/10.1016/j.neuroimage.2012.04.051
https://doi.org/10.1016/j.neuroimage.2012.04.051
https://doi.org/10.1016/j.neuroimage.2003.12.024
https://doi.org/10.1016/j.neuroimage.2008.11.016
https://doi.org/10.1016/j.neuroimage.2008.11.016
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.1007/s00234-013-1146-9
https://doi.org/10.1007/s00234-013-1146-9
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1371/journal.pone.0085489
https://doi.org/10.1371/journal.pone.0085489
https://doi.org/10.1016/j.humov.2021.102795
https://doi.org/10.1155/2015/713104
https://doi.org/10.1155/2015/713104
https://doi.org/10.1016/j.neuroimage.2009.07.006
https://doi.org/10.1016/j.neubiorev.2014.05.009
https://doi.org/10.1016/j.neubiorev.2014.05.009
https://doi.org/10.1016/j.neuroimage.2012.10.017
https://doi.org/10.1016/j.neuroimage.2012.10.017

