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The consolidation of motor sequence learning is known to depend on sleep. Work in our laboratory and others
have shown that the striatum is associated with this off-line consolidation process. In this study, we aimed to
quantify the sleep-dependent dynamic changes occurring at the network level using a measure of functional in-
tegration.We directly compared changes in connectivity before and after sleep or the simple passage of daytime.
As predicted, the results revealed greater integration within the cortico-striatal network after sleep, but not an
equivalent daytime period. Importantly, a similar pattern of results was also observed using a data-driven ap-
proach; the increase in integration being specific to a cortico-striatal network, but not to other known functional
networks. These findings reveal, for the first time, a new signature of motor sequence consolidation: a greater
between-regions interaction within the cortico-striatal system.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Contemporary theories of motor skill learning advocate that follow-
ing encoding of a new motor ability, the memory undergoes “off-line”
transformations allowing the initially labile trace to become somewhat
fixed into the physical structure of the brain through a cascade of events
occurring at both cellular and systems levels: a phase called “memory
consolidation” (Dudai, 2004). A large number of studies have now con-
vincingly demonstrated that sleep, during nighttime or daytime, plays a
critical role in the off-line consolidation of some, but not all types of
motor skills (see Diekelmann et al., 2009; Born and Wilhelm, 2012 for
reviews). Indeed, sleep-dependent consolidation has particularly been
observed following the acquisition of a new sequence of movements,
as opposed to tasks requiring subjects to adapt to visuomotor changes
in the environment (Albouy et al., 2013c; Doyon et al., 2009b). This
mnemonic process has also been reported in conditions where motor
sequences were acquired explicitly (Fischer et al., 2002; Walker et al.,
2002) rather than when they are learned implicitly (Robertson et al.,
2004), and more so for the allocentric (spatial) compared to the
it, 4565, Queen-Mary St., Room
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.

egocentric (motor) representation of a newly learned sequence of
movements (Albouy et al., 2013a; Cohen et al., 2005; Witt et al., 2010).

Up to now, functional neuroimaging studies in the field havemainly
attempted to identify the specific brain regions mediating motor
sequence learning (MSL) and consolidation. While the results have
corroborated the contribution of both cortico-striatal and cortico-
cerebellar systems in the acquisition of such skilled behaviours
(Doyon and Benali, 2005; Doyon et al., 2009a; Floyer-Lea andMatthews,
2005), the off-line consolidation phase has been associated with in-
creased activity in the striatum, and the putamen in particular (Debas
et al., 2010), the hippocampus (Albouy et al., 2008; Walker et al.,
2005), the cerebellum (Steele and Penhune, 2010; Walker et al., 2005)
as well as other cortical regions including the primary motor (Steele
and Penhune, 2010) and the medial prefrontal cortices (Walker et al.,
2005). Interestingly, however, recent neuroimaging work has also
begun to characterize the dynamic learning-dependent functional
changes between cerebral regions through connectivity analyses,
which are based upon correlations between time courses of brain
areas (Friston et al., 1993; Marrelec et al., 2008). Most of these studies
have used hypothesis-driven, predefined motor networks or specific
seed regions in order to identify the connectivity changes within or be-
tween networks during learning. Hence, MSL has been associated with
greater connectivity between motor-related regions in the early learn-
ing phase of a new sequence of movements, followed by stabilization
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within the 2nd and 4th weeks of the acquisition process (Ma et al.,
2010). Similarly, Sun et al. (2007) have also found greater connectivity
between the sensorimotor, premotor and the supplementary motor
areas (SMA) within and between hemispheres during early learning of
a bimanual motor sequence task. Yet, although very informative, such
an a priori approach is limited by the fact that the pattern of changes
in connectivity during learning can vary a great deal depending on the
seed motor areas chosen within a given network. For example, Coynel
et al. (2010) have reported decreases of integration within the associa-
tive, but not within the sensorimotor cortico-striatal network across
28 days of acquisition of an explicit sequence, hence demonstrating
that the choice of motor regions within a motor network does have a
critical effect on pattern of connectivity changes observed with MSL.
To overcome this limitation, some authors have employed data-driven
approaches. For example, using a graph-theoretical network analysis
strategy in groups of young healthy subjects who learned to execute a
bimanual learning task, Heitger et al. (2012) have reported that im-
proved motor performance over a 5-day period was associated with in-
creased functional network connectivity metrics. Using a multi-variate
model-free method to analyse changes in functional networks related
to practice of a motor sequence, another study has revealed an increase
in connectivity within a network comprising the premotor and posteri-
or parietal cortices within a first training session (Tamas Kincses et al.,
2008). Yet very little is known with respect to the change in functional
connectivity related to the consolidation process of a newly learned se-
quential motor skill (see Dayan and Cohen, 2011).

Task-related changes in connectivity between motor brain regions
before and after sleep have previously been measured in order to gain
insight into their interaction in association with motor memory consol-
idation. For instance, a dynamic interplay between the hippocampus
and the striatum during MSL training has been shown to predict over-
night gains in performance (Albouy et al., 2008, 2013b). While activity
in the dorsal premotor cortex, posterior parietal cortex and pre-SMA
was significantly correlated duringREMsleep following sequence learn-
ing, no correlation was observed between these structures in a group
that had not learned the motor sequence (Laureys et al., 2001). Despite
such advances, however, it remains unclear whether such increase in
connectivity (possibly reflecting the consolidation process following se-
quence learning)was strictly dependent on sleep, as no daytime control
conditionwas used in both of these investigations. Furthermore, consid-
ering that the latter researchers analysed connectivity changes through
the use of specific seed regions based on a priori hypothesis, it is thus
unknown whether the sleep-related changes in brain connectivity de-
scribed above are specific to the motor regions mediating the learning
process in the first place, or whether they can be observed in other
brain networks. Finally, no study, to our knowledge, has described con-
nectivity changes following sleep at the systemic level using a data-
driven approach.

The aim of the present study was thus to compare directly the
changes in functional connectivity related to the consolidation process
of a motor memory trace in two groups of young adults who participat-
ed in a test–retest paradigm, where motor sequence learning wasmea-
sured before and after a 12-hour delay filled with either night sleep or
the simple passage of daytime. Participants belonging to the Day/
awake group were scanned in themorning and evening using function-
almagnetic resonance imaging (fMRI)while they executed a 5-element
version of the finger sequence learning task (Karni et al., 1995), whereas
those in the Night/sleep group were first tested on the same task in the
evening, and then retested the following morning. Two different ap-
proaches in connectivity analysis were applied: First, similar to studies
summarized above, we used a hypothesis-driven method including
motor brain regions known to contribute toMSL and/ormotor sequence
consolidation. Based on Doyon and colleagues' model, which predicts
that the cortico-striatal system contributes to the consolidation process
of a new sequence ofmovements (Doyon and Benali, 2005; Doyon et al.,
2009a; Doyon and Ungerleider, 2002), we hypothesized that subjects in
the night groupwould show increased correlations (i.e., greater integra-
tion) between the learning-dependent motor regions of that system
when compared to subjects in the day group. Second, we used a data-
driven approach that allowed functional network reorganization to be
quantified without a priori assumptions. This method permitted us to
measure the change of integration not only within the cortico-striatal
system before and after a night of sleep, but also within other large-
scale, functionally distinct networks extracted through an independent
component analysis (ICA). It was predicted that the changes in integra-
tion after sleep, associatedwith off-line consolidation, would be spatial-
ly specific as it would only be observed within the cortico-striatal
system, and not within the other extracted networks.

Methods

The present study uses a subset of the behavioural and fMRI data
that we previously published where the results of a standard univariate
approach were reported (see Debas et al., 2010, for more details).

Subjects

24 young healthy subjects aged between 19 and 30 years old
(13 women) participated in the present study. Participants had no ex-
perience playing amusical instrument, nor had received previous train-
ing for speed typing. Participants reported having a regular cycle of
bedtime starting around 11:00 p.m. (±1 h) and waking-up around
7:00 (±1 h), which was confirmed through a sleep diary for a full
week prior to the study. Subjects with depressive symptoms (score
above 4) as measured by the short version of the Beck Depression
Scale were excluded. All subjects participated in an adaptation night at
our laboratory, during which polysomnographic (PSG) measures of
their sleep were recorded. Subjects with an apnea–hypoapnea index
N5 or a periodic limb movements index N5 were excluded. None of
the subjects worked night shifts or were engaged in trans-meridian
trips 3 months prior to the study. During the entire period of the exper-
iment, subjects were asked to abstain from alcohol. They were non-
smokers and remained caffeine free prior to scanning sessions. They
were also right handed, had no history of neurological or psychiatric dis-
orders as well as no history of sleep disturbances or medication intake.
They gave their written informed consent to participate in the study.
The project was approved by the “Regroupement Neuroimagerie/
Québec” Ethics Review Committee at the “Centre de recherche de
l'Institut universitaire de gériatrie deMontréal, Université deMontréal”.

Experimental design

To study the effect of sleep on the integration of cerebral networks,
we used a between (Night/sleep–Day/awake) and within-subject (test
and retest sessions) design (see Debas et al., 2010 for more details).
Briefly, the Night/sleep group (n = 13, 7 female) was first trained in
the evening (9:00 p.m. approximately) on themotor sequence learning
task, in which subjects were asked to practice an explicitly known 5-
item sequence (4-1-3-2-4) of finger movements of the left, non-
dominant hand (Karni et al., 1995) until they reached asymptotic per-
formance. This training session took place in amock scanner to simulate
the MRI environment. Participants then moved to the MRI room and
were scanned (i.e., test session) in a blocked paradigmwhile executing
the newly learned motor sequence using a MRI-compatible response
box. Following this first scanning session, which lasted a total of about
20 min depending on each participant's speed to complete the se-
quence, subjects were required to sleep in the laboratory and polysom-
nographic (PSG) data were recorded (see Barakat et al., 2010 for a
report of the EEG results). They were then rescanned the following
morning 12 h later (9:00 a.m. approximately) in a retest session. The
training, test and retest sessions consisted of 8 blocks duringwhich sub-
jects had to practice 20 sequences each (i.e., 100 fingermovements). All
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experimental blocks started offwith a 2.5 s instruction periodwhere the
word “Sequence” appeared in the middle of the screen seen through
mirrors inserted in the head coil, followed by a green square indicating
that subjects could start producing the known sequence as fast and ac-
curately as possible. After having completed 20 sequences, the colour of
the square on the screen changed to red, indicating thebeginning of a 15
s rest period. The Day/awake group (n = 11, 6 female) followed a sim-
ilar procedure, except that the first training and scanning sessions took
place in themorning (around9:00 a.m.),whereas the retest sessionwas
completed 12 h later in the evening (around 9:00 p.m.). Time per se-
quence and the number of correct sequences were recorded for each
block in the two groups of subjects.

Behavioural analyses

As it is commonly found when subjects are requested to practice a
short sequence of movements that is already known explicitly, partici-
pants made very few errors during task execution in the scanner. Thus
we used speed as our main behavioural metric to measure offline
gains in performance (Doyon et al., 2009b; Fischer et al., 2002; Walker
et al., 2002). Time to execute a sequence was averaged for each of the
8 blocks of the test and delayed retest sessions. Data from both sessions
were normalised based upon the results of the last 5 blocks of the test
session, a period during which subjects had reached asymptotic perfor-
mance. Thus, themean reaction time of each blockwas subtracted from
the averaged reaction time of these 5 blocks, and then divided by their
standard deviation.We then used the first two blocks of the delayed re-
test session to directly compare the behavioural performance between
the two groups with an independent sample t-test.

MRI acquisition and analyses

Brain imaging data were acquired with a 3T scanner (Magnetom
Trio Siemens AG, Germany) equipped with an 8-channel head coil. A
high resolution anatomical T1-weighted scan was obtained for
each subject (voxel size = 1 × 1 × 1 mm3, TR = 23 ms, TE = 2.98 ms,
FA= 9°;matrix 256×256; 176 slices). Functional T2*-weighted images
were also acquired using a standard gradient echo-planar sequence sen-
sitive to the BOLD signal (voxel size= 3.75 × 3.75 × 5mm3; TR=2.5 s;
TE= 30ms; FA= 90°; FOV= 240 × 240 mm2, matrix size = 64 × 64;
28 slices). Pre-processing steps using Statistical Parametric Mapping
(SPM5) (http://www.fil.ion.ucl.ac.uk/spm/software) included realign-
ment and smoothing using a Gaussian Kernel of 6 mm full-width at
half-maximum (FWHM). Then, as part of the connectivity toolbox
Netbrainwork (http://sites.google.com/site/netbrainwork/), the data
was registered into the 152-MNI stereotaxic space using nonlinear spa-
tial transformations as implemented in SPM5.

Connectivity analyses

Hypothesis-driven functional network identification

The hypothesis-driven cortico-striatal network was built based on
regions known to contribute to the learning and consolidation of a
new motor sequence. To do so, we used the coordinates corresponding
to the local peaks of activity during task execution that were found in
our standard main effect analyses (Debas et al., 2010) as well as in
other relevant studies. Spheres of 7 and 4 voxels in the cortical and
sub-cortical areas, respectively, were then formed around these peak
coordinates to create the ROIs implicated in the hypothesis-driven net-
work. This network was thus composed of two ROIs in the precentral
area, as the latter has been shown to play a critical role in the consolida-
tion of motor sequences (Robertson et al., 2005; Steele and Penhune,
2010). Similarly, the putamen, globus pallidus, SMA and the superior
parietal cortex were also included for their contribution to motor se-
quence learning and/or consolidation (Debas et al., 2010; Doyon et al.,
2002; Fischer et al., 2005; Grafton and Ivry, 1995). Finally, because we
aimed to study the levels of information exchange within the cortico-
striatal network via levels of integration, the thalamus, which consti-
tutes a primordial relay station (Alexander and Crutcher, 1990) was
also added to the network.

Data-driven functional network identification

For this approach, we used the NetBrainWork toolbox (http://sites.
google.com/site/netbrainwork/). This software implements the
NEDICA method for spatial independent component analysis (sICA) at
the group level (Perlbarg et al., 2008). The default number of spatial
components (i.e., 40) was calculated for each subject using the infomax
ICA algorithm. After registration into the MNI standardized space, a hi-
erarchical clustering on the independent components from all partici-
pants yielded a tree diagram. Selection of the components at the
group level was then based on the maximization of two indices:
the degree of representativity (i.e., the proportion of subjects repre-
sented in the group component) and the degree of unicity (i.e., the
proportion of subjects contributing to only one component in the
group component). Once the group components were found, a t-
score map was computed from the spatial components belonging
to this group-component.

Networks were extracted for each individual using the time courses
of functional volumes derived from the test session while participants
were performing the MSL task (i.e., active state). A first analysis using
fMRI BOLD data collected during the test session from both Night/
sleep and Day/awake groups gave rise to the group components. Two
indices (representativity and unicity) as well as guidelines (Kelly et al.,
2010) were used to visually screen the group components in order to
exclude maps comprising regions distributed in and around ventricles,
sinus or blood vessels. The remaining seven group components are re-
ported in the Results section and are referred to as the functional net-
works. Before quantifying network integration, structured noise
(related to, e.g., respiration, heartbeat, and movements) was removed
with CORSICA (Perlbarg et al., 2007), which uses the ability of spatial
ICA decomposition to separate processes related to structured noise
from other components. Automatic selection of noise-related compo-
nents was based on their spatial distribution. CORSICA identifies maps
with a spatial distribution of Z values maximal around ventricles or
edges of the brain as likely movements or physiological noise and sub-
tracts these components of signal from theoriginal data. Thismethod al-
lows improvement of signal to noise ratio evaluated within the cardiac
and respiratory frequencies, while preserving fluctuations related to
neural activity.

Region extraction

The data-driven large-scale networks were built using an automatic
approach. ROIs were formed automatically around the peak signal of
each of the seven large-scale networks, using a region-growing algo-
rithm. At each step of this algorithm, the voxel included in the ROI
corresponded to the local highest t-score. Although it is possible to
choose the size of the ROI, only one ROI size can be selected for a
given large-scale network. Thus ROIs comprising 7 voxels, with a mini-
mal distance between 2 ROIs of 30 mm, were established for networks
thatwere composed primarily of cortical areas;whereas ROIs extending
over 4 voxels with a minimal distance of 25 mm between 2 ROIs were
chosen for the network with sub-cortical areas primarily.

Integration analysis

Large-scale integration is the term used to represent the idea that
neural mechanisms select and coordinate distributed brain activity to
produce a flow of adapted and unified cognitive movements (Varela
et al., 2001). Quantification of the level of network integration
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Table 1
Regions of interest (ROI) being part of the cortico-striatal (C-S) networks. Coordinates are
presented in the Talaraich space. SMA = supplementary motor area; CB = cerebellum;
Ant = anterior; Mid = middle; Inf = inferior; Sup = superior.

ROIs X Y Z

A. Hypothesis-driven C-S network
Precentral 39 −22 51
Precentral 31 −12 63
Putamen 26 7 5
SMA −1 −4 53
Parietal Sup 22 −54 63
Globus pallidus 30 −13 −1
Thalamus 16 −18 6

B. Data-driven C-S network
CB Crus II 35 −80 −30
CB Crus II 10 −79 −28
Vermis 2 −60 −33
Putamen −19 6 7
Globus pallidus 16 6 1
Globus pallidus 30 −13 −1
Amygdala −26 −2 −13
Amygdala 24 −1 −17
Thalamus −10 −15 7
Hippocampus −29 −18 −4
Caudate nucleus 19 1 18
Post-central −50 −10 36
Precentral −57 4 18
Precentral 60 10 21
Cingulum Ant −4 18 27
CingulumMid −9 −25 43
CingulumMid −3 −2 42
Parietal Inf −47 −33 49
Parietal Sup −10 −67 54
Cuneus −1 −76 37
Frontal Mid −34 49 13
Insula −27 −22 11
Insula −39 11 2
Fusiform 28 −73 −9
Lingual −22 −85 −8
Calcarine −8 −97 −2
Occipital Inf −42 −86 1
Occipital Inf −48 −63 −9
Calcarine 18 −97 5
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implemented in NetBrainWork was previously defined by Tononi et al.
(1994) and has successfully been applied to fMRI results in Marrelec
et al. (2008). Integration refers to a multivariate measure based on the
correlations between the temporal courses of the ROI of a given
network, as the amplitude of the signal of the ROI is normalised
(Marrelec et al., 2008). This metric allows one to quantify the global
level of statistical dependence within the network. For a multivariate
normal distribution (see Marrelec et al., 2008), Integration (I) is equal
to: I=−1/2 ln|R| where R is the correlation matrix and |.| is the matrix
determinant.

This expression summarizes the within system organisation using
all correlation coefficients that can be computed into a single number,
which can then be appropriately statistically compared between ses-
sions and between groups. The underlying assumption is that the larger
the correlation coefficient, the greater the integration and information
exchange within the system. As the absolute measure of integration is
dependent upon the number of ROIs selected within a given network,
no statistical comparison was done between networks. The latter mea-
sure of integration was solely assessed between groups and across ses-
sion. Independent t-test between the Day/awake group and the Night/
sleep groups' test session tested whether there was any time of day
effects. Then, relative changes of integration between the test and retest
sessionswere calculated for the two groups. Independent sample t-tests
were first used to assess the difference in connectivity changes associat-
ed with sleep vs. the simple passage of daytime for the hypothesis-
driven cortico-striatal network.

Because the present study constitutes the first attempt to investigate
dynamic changes in network integration after either sleep or the simple
passage of time, we then assessed the spatial specificity between net-
works. This allowed us to verifywhether the pattern of results described
abovewithin the cortico-striatal network was specific to the interaction
between sleep/passage of time and the cortico-striatal network; or
whether it was simply the result of a non-specific effect of sleep on
brain regions at large (i.e., if all functional systems of the brain were
generally more synchronous after sleep). Thus a measure of integration
was computed for each subject and each session for the 7 identified
data-driven networks. Seven independent t-tests were then performed
to test the effect of sleep vs. daytime. We then used Pearson's correla-
tion analyses to assess the possible relationship between the subject's
behavioural improvements in performance from test to retest with
changes in the levels of integration within networks identified through
the hypothesis- and data-driven approaches.

Finally, we investigated whether the response to the task was a
driving factor in the observed changes in integration of brain networks.
To do so, wemodelled the fluctuations associated with the block design
during the experimental task using SPM's canonical hemodynamic re-
sponse, and regressed them out from the functional images used
above, i.e. for each participant's test session. The analysis of functional
networks and integration described above were replicated using the re-
siduals of the regression, i.e. after the direct influence of the task on fMRI
time series was modelled and removed.

Results

Behaviour

Therewas no groupdifference in speed to produce sequences during
the first testing session (t(22) = − .24, p = .23), suggesting that their
performance was not influenced by the time of day, nor by a change
in circadian rhythms. Second, to test for the amount of offline gains in
performance following sleep as opposed to daytime, a t-testwas carried
out to directly compare groups' performance on the first two blocks of
practice only after normalisation (see Behavioural analyses section
above for more details). This allowed us to restrain our search on blocks
of trials that reflect the off-line consolidation phase and not the slow
learning or re-learning processes that usually occur during the second
testing session. As expected, the results revealed a significant difference
between the two groups (t(1,22) = 2.33; p = .03) at retest, with the
Night/sleep group performing faster than the Day/awake group.

Functional connectivity

Network identification
The hypothesis-driven network consisted of 7 selected ROIs (see

Table 1), whereas the data-driven approach through the ICA analysis
allowed the identification of seven, spatially independent, functional
networks (Fig. 1). Each data-driven network was present in more than
72% of the participants, except for the “Executive network”, which was
detected in only 54% of them. Despite this, a measure of integration
within the latter is nevertheless reported here, as it is a functional
network often identified in the literature (Beckmann et al., 2005;
Damoiseaux et al., 2006). Six of the networks (i.e., default-mode,
motor, executive, fronto-parietal, visual lateral and visual medial)
were spatially very similar, and thus reminiscent to those previously re-
ported in studies investigating resting-state networks (Beckmann et al.,
2005), further supporting the relative stability of these functional net-
works regardless of the participant's state being either at rest or in ac-
tion (Bianciardi et al., 2009; Buckner et al., 2009; Calhoun et al., 2008;
Wang et al., 2012). A 7th large-scale network labelled “cortico-striatal”
was also identified (see Table 1 for more details). Such a network has
rarely been identified with the use of ICA (Robinson et al., 2009), but
its detection may be related to the fact that subjects were required to
execute a motor sequence learning task, which potentiated the activity



Fig. 1. Large scale networks isolated through ICA during the first testing session of both sleep and wake groups. As in Beckmann et al. (2005), spatial maps correspond to the best sagittal,
coronal and axial views to display the most representative brain regions composing each network. The coordinates refer to mm distances from the anterior commissure. MOT= motor;
DM= default-mode; C-S = cortico-striatal; FP = fronto-parietal; EXE = executive; VL = visual lateral; VM= visual medial.
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within this network and increased its independence in relation to the
other functional connectivity networks. This cortico-striatal network in-
cluded multiple cortical areas known to be associated with it (see
Doyon and Benali, 2005; Doyon and Ungerleider, 2002), notably the
pre- and post-central gyri as well as the superior and inferior parietal
cortices. Admittedly, however, this network comprised additional
brain regions that are usually thought to be unrelated to such a
cortico-subcortical system. For example, we found a certain number of
visual cortical areas, which might be due to the fact that subjects were
required to start executing the sequence once a green square was pre-
sented on the screen. Thus, as visual information was used to trigger
motor sequence performance, this could explain why the ICA combined
all these brain regions into a single network. Yet, because the strongest
signals within this network came from basal ganglia structures, notably
the putamen, caudate nucleus and globus pallidus, and because it was
the only network that showed such subcortical activity, the latter was
categorized as the cortico-striatal network.

Functional integration
Changes in network integration relative to sleep or daytime were

first measured within the hypothesis-driven, cortico-striatal network.
The level of integration between the two groups (Day/awake and
Night/sleep) in the first test session, i.e., morning vs. evening test
groups, did not significantly differ (t(22), p = .87), hence suggesting
that there was no significant effect of time of day on this measure of
connectivity at baseline. By contrast, an independent t-test comparing
groups showed that connectivitywithin the hypothesis-driven network
changed significantly depending on whether participants had slept or
not. Results revealed that there was a decrease of 21% in integration
level after the passage of time, as opposed to an increase of 7% following
a night of sleep (t(22), p= .03) (Fig. 2). The latter findings are consistent
with our predictions and thus suggest a preserved level of synchrony in
signals between regions of the hypothesis-driven cortico-striatal net-
work following sleep-dependent motor memory consolidation.

Similarly, we also calculated the relative change in integration
between the test and retest sessions in both groups based upon the
data-driven large-scale connectivity network detected through ICA.
This was done for each of our 7 large-scale networks, which comprised
between 15 and 32 ROIs (default-mode, fronto-parietal, motor, cortico-
striatal, executive, visual lateral, visual medial). Independent t-tests
comparing the relative change in integration for each network following
either sleep vs. the simple passage of daytime, revealed a difference that
was only significant for the large-scale cortico-striatal network. Again,
there was no significant difference in integration within this network
between our two groups in the first test session (t(22), p = .11), hence
suggesting that there was no time of day effect at baseline. Yet we
found a decrease in integration of 7% after the passage of daytime as op-
posed to an increase of 10% following sleep (t(22) = −3.1, p = .006),
supporting the idea that sleep reorganizes flow of activity within this
network and plays a role in consolidation. Only the motor network
also showed a tendency for a greater integration after sleep as opposed
to the passage of time (t(22) = −1.7, p = .10), yet the difference was
not significant.

Qualitatively, we found that night sleep generally resulted in a
greater level of integration as compared to daytime (see Fig. 3A).
Although we were limited by the fact that we cannot directly compare
the extent of change in integration between networks, it is important
to note that only the cortico-striatal system revealed a strong tendency



Fig. 2. Hypothesis-driven network analysis. Relative change in integration within the
cortico-striatal systembetween the test and retest sessions. The results show a differential
effect of sleep on the level of interaction amongst regions of this network. The group who
remained awake during daytime shows a 21% decrease in the level of network integration,
as opposed to the sleep group who demonstrates a 7% increase in integration from test to
retest.
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for an increase in integration following sleep (t(12) = 2.04, p = .063).
These results thus suggest that sleep profited specifically to the data-
driven, large-scale cortico-striatal network, as opposed to other func-
tional connectivity networks present during task execution. Unfortu-
nately, however, there was no correlation between the changes in
integration within the networks and the observed overnight improve-
ment in performance for the sleep group (r = .14, p = .66 and r =
.40, p = .23 for hypothesis-driven and data-driven network,
respectively).

Finally, when we tested for the changes in integration after sleep or
wake, and after regressing out the effect of the block design, the results
of the ICA analysis at the group level now revealed the existence of six
networks (visual medial, visual lateral, default-mode, fronto-parietal,
motor and executive) instead of seven. These were visually similar to
the evoked networks reported above, except that the large-scale
cortico-striatal network was no longer isolated. These results suggest
the presence of two superimposed types of fluctuations; those that are
evoked in which networks include task-related brain regions and others
that are intrinsic, comprising little regions of interest for the task at
Fig. 3. Data-driven network analysis. A. Relative change in integration from test to retest for all
onwithin network integration for the cortico-striatal network only. B. Results (p values) of the g
identified network.
hand. This approach, however, did not reveal any differential effect of
sleep vs. the passage of daytime on any of the networks, hence suggest-
ing that the observed changes in network integration were to some
large degree driven by the canonical response to the task.

Discussion

As predicted, connectivity changes measured during an active state
(i.e., practice of a motor sequence) using both hypothesis and data-
driven methods revealed that off-line motor sequence consolidation is
associated with a greater level of integration within the cortico-striatal
system. Importantly, the two approaches confirm that the increased in-
tegration within this task-related network is sleep-dependent, as no
such change in integration was observed after a similar period of day-
time. Furthermore, ourfindings show that thiswithin-network dynamic
found followingmotor sequence consolidation is specific to the cortico-
striatal system as none of the other networks identified through the
data-driven analysis demonstrated significant sleep-related changes in
integration. Altogether, our findings are suggestive of a newmechanism
associated with the off-line sleep-dependentmotormemory consolida-
tion process, that is, a greater synchrony of activity between regions
forming the cortico-striatal network.

The present increase in interactions between regions of the cortico-
striatal network, as shownwith the hypothesis-driven network analysis
is in linewith previous studies that have demonstrated greater strength
in regional brain connectivity during the initial learning phase of a MSL
task (Coynel et al., 2010; Ma et al., 2010; Sun et al., 2007). For example,
our findings are in accordwith those fromMa et al. (2010)whohave re-
ported that the connectivity between the basal ganglia and M1 is
strengthened across 2 and 4 weeks of learning a sequence of move-
ments. They also corroborate the results from Sun et al. (2007) who
have shown that activity in the parietal cortex becomes significantly
more correlated with other motor-related brain regions during early
vs. late MSL. And finally, they are consistent with conclusions from
Peigneux et al. (2003) who have demonstrated that probabilistic se-
quence learning increases connectivity between the striatum and
cuneus. Such a hypothesis-driven approach does not exclude the possi-
bility that other structures like the cerebellum (Steele and Penhune,
2010) and the hippocampus (Albouy et al., 2008, 2013a) may also con-
tribute to the consolidation process of sequential types of skills. Yet our
findings suggest that the brain regions constituting the cortico-striatal
network, namely the primary motor cortex, SMA, superior parietal cor-
tex, putamen, globus pallidus and thalamus, are not only involved in the
acquisition of a newmotor sequence; but also that the increased coher-
ence in activity between these brain structures following sleep can be a
good marker (and thus a possible mechanism) of the sleep-dependent
off-line consolidation process of MSL.

As a complementary approach, we also used spatial independent
component analysis (sICA) at the group level during task execution in
data-driven networks.When compared to daytime, sleep had a significant beneficial effect
roup (sleep vs. wake) and session (test vs. retest) interaction in integration for each of the



56 K. Debas et al. / NeuroImage 99 (2014) 50–58
order to test the specificity of the sleep-dependent increase in cortico-
striatal integration. Remarkably, this method allowed the isolation of a
large-scale cortico-striatal system (see Table 1), in which more than
half of the automatically detected seeds have previously been directly
associated with motor learning and/or motor memory consolidation
(Albouy et al., 2008; Dayan and Cohen, 2011; Doyon et al., 2002,
2003; Fischer et al., 2005; Hikosaka et al., 1999; Walker et al., 2005).
This data-driven approach did not only recruit multiple motor cortical
regions, but also a large number of sub-cortical structures like the puta-
men, globus pallidus and the hippocampus. Interestingly, similar to the
hypothesis-driven analysis, this network demonstrated a significant in-
crease in integration after sleep, while the simple passage of daytime
provoked a decrease of the within-system integration. Such pattern of
findings is in accordwith our previous work demonstrating that the pu-
tamen is related tomotor sequence consolidation (Debas et al., 2010). It
is also consistent with an increasing number of studies, which are
suggesting that the hippocampus is implicated in this consolidation
process, as it appears to be responsible for consolidating contextual in-
formation and high-order associations in motor sequence learning
(Albouy et al., 2008, 2013a; Gheysen et al., 2010; Rose et al., 2011;
Schendan et al., 2003). More importantly, however, only this large-
scale cortico-striatal network revealed a sleep-dependent increase in in-
tegration, while daytime provoked a decrease in integration. Indeed, no
other functional network presented a significant change in integration
associatedwith sleep or daytime, hence further confirming the specific-
ity of the association between sleep-dependent consolidation and the
cortico-striatal system. Altogether, our results support the hypothesis
elaborated in Doyon's model (e.g., Doyon and Benali, 2005), endorsing
a role for the cortico-striatal system in the consolidation of motor
sequences.

When testing for integration changes after regressing out the canon-
ical response to the task, no significant difference between the sleep and
wake groupswas observed in the cortico-striatal network. This suggests
some redundancy between the SPM analysis performed in Debas et al.
(2010) and the present findings, to some degree. However, we relied
here on amodel-freemultivariate analysis, as opposed to amass univar-
iate parametric analysis in Debas et al. (2010) with two major implica-
tions: (1) increased sensitivity to distributed network effects; and, (2)
sensitivity to task-evoked and intrinsic fluctuations that depart from
the canonical response. The increased sensitivity difference (1) is im-
portant by itself, since we found only one motor region in Debas et al.
(2010), the putamen, showing greater activity following sleep vs. day-
time. By contrast, in the present work, we found an influence of consol-
idation on a widespread distributed network involving the cortico-
striatal system. Furthermore, the fact that no significant changewas ob-
served after regressing out the effect of the canonical response to the
task does not necessarily imply that (2) it does not play a role in this
finding, i.e. some sources of fluctuations orthogonal to the canonical re-
sponse to the task may still contribute to the observed change in net-
work integration when no regression is performed. In fact, the
regression experiment only shows that these additional sources are
not large enough to drive significant changes in integrationwhen isolat-
ed from the main effect of the task. Whether the differences between
the analysis reported here and in Debas et al. (2010) originate from
themultivariate ormodel-free characteristics of themethod,which can-
not be fully disambiguated here, these differences lead nevertheless to
important new conclusions regarding the network-level interactions in-
volved in the memory trace of a newly acquired motor skill after sleep,
which go beyond those reported in Debas et al. (2010).

Systemic sleep-dependent consolidation

The present study is the first, to our knowledge, to look at changes in
connectivity related to motor memory consolidation at the systemic
level following sleep. Qualitatively, we found that almost all functional
networks identified through the data-driven approach revealed higher
connectivity following sleep, compared to after the simple passage
of daytime (Fig. 3). This observation supports the idea that sleep
provokes a diffuse increase in integration within networks at the
whole brain level (Boly et al., 2012). In addition to this global in-
creased interaction, however, the specificity of this effect on the
cortico-striatal system also suggests that consolidation during
sleep provides an active protection, by facilitating the cohesion of
the functional system mediating the type of learning that previously
occurred during daytime.

The physiological mechanism responsible for this increase in inte-
gration within the cortico-striatal system after sleep remains unknown.
Furthermore, the present study does not admittedly allow to address
this issue directly as group network analyses were only measured be-
fore and after, but not during sleep. Yet because such a change in inte-
gration was only found after a night of sleep, but not following a
similar amount of awake time, three hypothetical physiological process-
es could account for the sleep-dependent consolidation manifestation
reported here. First, it is possible that such an increase of integration
within the cortico-striatal system was due to the reactivation process
known to occur during sleep. Indeed, brain regions initially involved
during training have shown to be reactivated together during the
post-learning sleep period (see Rauchs et al., 2005 for a review). For ex-
ample, in several electrophysiological studies in rodents, recordings of
place cells in the hippocampus have revealed that the firing pattern of
these cells is repeated in the same sequence during sleep (e.g. Wilson
and McNaughton, 1994). Importantly, hippocampal replay has also
been shown to cause reactivation and increased firing rates in other
task-relevant brain structures such as the striatum (Lansink et al.,
2009), hence suggesting that depending on the task, the striatum may
also be part of the network reactivated after learning. Additional
support for the role of the striatum in the “reactivation hypothesis”
has come from human neuroimaging studies using positron by
emission tomography (PET), which revealed that regional activity
recorded during training on a probabilistic serial reaction time task
was re-expressed in the post-training night (Maquet et al., 2000;
Peigneux et al., 2003), notably within the cuneus and striatum
(Peigneux et al., 2003).

Second, although conjectural because we did not measure func-
tional connectivity during the post-learning rest period, nor during
the night, it is also possible that maintenance of the motor memory
trace during rest after learning, in addition to a sleep-dependent
reactivation of the cortico-striatal system, also favoured optimal in-
teraction between the regions forming that specific network. Conse-
quently, the accumulation of those post-learning processes could
thus allow the newly acquired motor skill to be consolidated, hence
explaining the gains in performance after sleep. Such interpretation
is consistent with previous work, which has shown that motor learn-
ing influences resting-state network activity (e.g., Albert et al., 2009,
Vahdat et al., 2011), and that the functional dynamics observed dur-
ing a resting state period can also impact subsequent motor learning
(Fox et al., 2007).

A third possible mechanism, which could explain our pattern of
results is based on the work by Boly et al (2012), who have demon-
strated that during non-rapid eye movement (NREM) sleep,
each functional network detected via ICA is characterized by greater
within – as compared to between – systems connectivity. Interest-
ingly, the increased functional clustering of brain activity, suggesting
an independent operation of networks during NREM sleep, might ac-
tually support the specificity of changes in integration that we found
in the cortico-striatal system. The latter hypothesis is also supported
by the fact that different sleep characteristics of NREM sleep in par-
ticular (see Diekelmann and Born, 2010), notably spindles (Fogel
and Smith, 2011; Fogel et al., 2012), have been linked to memory
consolidation, and have been shown to correlate with activity in
the putamen in association with motor sequence consolidation
(Barakat et al., 2013).
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Conclusion

The results of the present study suggest a newmechanism by which
motor sequence consolidation is processed in the brain, i.e., through an
increased level of integration within the task-related cortico-striatal
network. Importantly, this effect was observed with both hypothesis-
and data-driven approaches. Furthermore, our findings indicate that
such change in integration is specific to the cortico-striatal system, and
not to other independent functional networks. Altogether, the present
findings extend those from Debas et al. (2010), and thus suggest that
greater coherence between the striatum and motor-related brain re-
gions is critical for a motor memory trace to become durable over time.
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