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Abstract: Decreased neural plasticity is observed with healthy ageing in the primary sensorimotor (SM1)
cortex thought to participate in motor learning and memory consolidation processes. In the present mag-
netoencephalography study, the post-training reorganization of resting-state functional connectivity
(rsFC) and its relation with motor learning and early consolidation in 14 young (19–30 years) and 14 old
(66–70 years) healthy participants were investigated. At the behavioral level, participants were trained on
a motor sequence learning task then retested 20–30 min later for transient offline gains in performance.
Using a sensorimotor seed-based approach, rsFC relying on beta band power envelope correlation was
estimated immediately before and 10 min after the learning episode. Post-training changes in rsFC (from
before to after learning) were correlated with motor learning performance and with the offline improve-
ment in performance within the hour after learning. Young and old participants exhibited differential pat-
terns of sensorimotor-related rsFC, bearing specific relationships with motor learning and consolidation.
Our findings suggest that rsFC changes following learning reflect the offline processing of the new motor
skill and contribute to the early memory consolidation within the hour after learning. Furthermore, differ-
ences in post-training changes in rsFC between young and old participants support the hypothesis that
ageing modulates the neural circuits underlying the learning of a new motor skill and the early subse-
quent consolidation stages. Hum Brain Mapp 38:923–937, 2017. VC 2016 Wiley Periodicals, Inc.

Key words: resting-state functional connectivity; motor sequence learning; memory consolidation; age-
ing; brain plasticity; magnetoencephalography

r r

Additional Supporting Information may be found in the online
version of this article.

*Correspondence to: Alison Mary, MPsy, UR2NF - Neuropsychol-
ogy and Functional Neuroimaging Research Unit, Universit�e
Libre de Bruxelles (ULB), CP191, Avenue F.D. Roosevelt 50, 1050
Brussels, Belgium. E-mail: alismary@ulb.ac.be or Philippe
Peigneux, PhD, UR2NF - Neuropsychology and Functional Neu-
roimaging Research Unit, Universit�e Libre de Bruxelles (ULB),

CP191, Avenue F.D. Roosevelt 50, 1050 Brussels, Belgium. E-mail:
philippe.peigneux@ulb.ac.be

Received for publication 2 October 2015; Revised 7 September
2016; Accepted 27 September 2016.

DOI: 10.1002/hbm.23428
Published online 11 October 2016 in Wiley Online Library
(wileyonlinelibrary.com)

r Human Brain Mapping 38:923–937 (2017) r

VC 2016 Wiley Periodicals, Inc.



INTRODUCTION

Motor skill learning and consolidation are instances of
neural plasticity processes that can be altered with ageing.
Behavioral studies show that even though old adults
remain able to learn novel motor skills through practice,
the consolidation of acquired representations can be com-
promised [Brown et al., 2009; Fogel et al., 2014; Spencer
et al., 2007; Wilson et al., 2012]. These alterations may
have deleterious consequences for quality of life and
autonomy since a large part of our daily activities is sub-
tended by the efficient implementation of cognitive and
motor skills. It is therefore crucial to understand the neu-
ral and cognitive mechanisms by which these skills are
acquired and consolidated, and how they are modified
with age.

Neuroimaging studies indicate that the efficiency of
plasticity mechanisms in the primary motor (M1) cortex
decreases with ageing, which might contribute to motor
decline [e.g., Freitas et al., 2011; Sawaki et al., 2003; Todd
et al., 2010]. The reduction of experience-induced motor
plasticity with age additionally suggests post-training con-
solidation deficits. Accordingly, we have shown using
magnetoencephalography (MEG) that motor sequence
learning induces post-training reactivity changes in the
central mu rhythm in young but not old adults [Mary
et al., 2015]. The motor and sensorimotor cortical regions
are part of a wider, distributed network in which plastic
changes take place in the course of motor skill learning
and consolidation in healthy young participants. Indeed,
during task practice, inter-regional connectivity changes
are observed at various stages in the hippocampo-cortical
[Albouy et al., 2015], cortico-cerebellar [Ma et al., 2010;
Tam�as Kincses et al., 2008] and cortico-striatal [Albouy
et al., 2015; Debas et al., 2014; Ma et al., 2010] networks,
reflecting the creation and the progressive development
of expertise-related neural systems subtending motor
performance.

Outside of task practice, motor learning-dependent
changes in resting state functional connectivity (rsFC) may
evidence the functional reorganization of the brain net-
works supporting the offline consolidation of new motor
skills [Sami et al., 2014]. Investigating rsFC, therefore, rep-
resents a promising tool to study memory consolidation
mechanisms. The sensorimotor network includes a set of
regions well known to be involved in motor sequence
learning. Using functional magnetic resonance imaging
(fMRI), this network has been shown to emerge from tem-
poral correlations between the very slow (<0.1 Hz) fluctu-
ations of the blood oxygen level dependent signal of M1
cortex and those of the primary somatosensory (SI) cortex,
the secondary somatosensory (SII) cortex, the supplemen-
tary motor area (SMA), the premotor cortex, the putamen,
the thalamus, and the cerebellum [Deco and Corbetta,
2011]. Recent studies conducted in young adults support
the assumption that the sensorimotor network plays a role
in motor memory consolidation. Indeed, motor learning-

related rsFC changes have been observed in young adults
immediately [Albert et al., 2009; Gregory et al., 2014; Sami
et al., 2014], hours [Sami et al., 2014; Vahdat et al., 2011] or
even weeks [Ma et al., 2011; Sampaio-Baptista et al., 2015]
after initial learning. A fMRI study evidenced that
improved behavioral performance after one day is associ-
ated with amplified resting-state anti-correlations within a
cerebello-fronto-parietal network encompassing motor
areas (M1 cortex and SMA), suggesting that spontaneous
brain fluctuations are associated with the evolution of per-
formance [Vahdat et al., 2011]. Beside, increased rsFC in
fMRI between M1 cortex and bilateral sensorimotor and
premotor cortices immediately after learning is positively
correlated with performance improvement in motor
sequence learning after a night of sleep [Gregory et al.,
2014], indicating that functional brain modifications can
precede and to some extent predict behavioral changes.
However, Sami et al. [2014] found an enhanced rsFC in
the sensorimotor network only 6 hours after explicit
sequence learning whereas this enhancement was immedi-
ately present after implicit sequence learning. Other fMRI
studies showed that the strength of spontaneous connec-
tivity increases within the fronto-parietal and cerebellar
networks immediately after a visuo-motor adaptation task
[Albert et al., 2009]. Sampaio-Baptista et al. [2015] reported
rsFC changes in the motor network after a 6-week practice
on a complex motor task, characterized by an increased
rsFC in the low intensity practice group and a decreased
rsFC in the high intensity practice group. Finally, rsFC
changes were reported in the right postcentral and the
bilateral supramarginal gyri after 2 and 4 weeks of motor
sequence learning [Ma et al., 2011].

The relation between sensorimotor network and motor
consolidation may be affected by age. A variety of studies
have reported age-related decreases in the default-mode
network (DMN) rsFC as well as in the executive and atten-
tional networks [for a review, see Sala-Llonch et al., 2015].
However, results about the sensorimotor network are less
consistent as some studies disclosed increased rsFC [e.g.,
Song et al., 2014], whereas others reported no detectable
changes [e.g., Geerligs et al., 2015]. To the best of our
knowledge, only one fMRI study focused on post-learning
rsFC modifications in ageing [Jacobs et al., 2015]. The
authors reported an age-related reorganization in the
between-networks coupling (i.e., between the DMN and
the executive network, and between the DMN and the
fronto-parietal network) after episodic learning, which was
related to memory retrieval performance 30 min later.
Hence, age-related experience-dependent rsFC changes
have been evidenced after episodic learning [Jacobs et al.,
2015], but changes following motor sequence learning
remain to be investigated.

This body of work suggests that investigating brain
networks dynamics across the lifespan and following
learning represents a promising approach to characterize
age-related changes in the evolution of memory
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consolidation processes. To date, fMRI remains the domi-
nant imaging technique to study rsFC, although it is ham-
pered by major caveats [Liu, 2013] such as age-induced
modifications in the neurovascular coupling [for a review,
see, D’Esposito et al., 2003] that may bias the comparison
in rsFC along the lifespan [for a review, see, Liu, 2013].
This limitation can be bypassed using electrophysiological
techniques such as magnetoencephalography (MEG). In-
deed, resting-state networks spatially similar to those
observed in fMRI studies have been reliably reconstructed
from resting-state MEG data using power envelope corre-
lations [Brookes et al., 2011, 2012b; Hall et al., 2013; Hipp
et al., 2012; de Pasquale et al., 2010; Wens et al., 2014a,b].
Modulations of MEG activity within resting-state networks
have been disclosed during or after task performance
[Betti et al., 2013; Brookes et al., 2012a] and after working
memory training [Astle et al., 2015]. However, to the best
of our knowledge, learning-dependent as well as the asso-
ciated age-related changes in rsFC estimates per se have
not yet been studied using MEG.

In the present study, we used MEG to investigate expe-
rience- and age-related changes in sensorimotor rsFC asso-
ciated with motor skill learning. To do so, resting-state
activity was obtained in young and old healthy partici-
pants in two sessions, before and 10 min after the repeated
practice of a 5-element motor sequence [i.e., the Finger
Tapping Task (FTT); Karni et al., 1995]. Using the seed-
based connectivity method described in Wens et al.
[2014a,b], we then computed rsFC maps between a seed
located in the right primary sensorimotor (rSM1) cortex
and the rest of the brain, in the pre- and post- motor
sequence learning sessions. Participants were also tested
behaviorally 20–30 min after learning to measure the tran-
sient offline boost in behavioral performance consistently
observed 5–30 min after motor learning [Albouy et al.,
2006; Hotermans et al., 2006, 2008; Nettersheim et al., 2015;
Schmitz et al., 2009], but not 4 hours after learning
[Albouy et al., 2006; Hotermans et al., 2006; Nettersheim
et al., 2015]. Two main analyses aimed at understanding
the functional relevance of motor learning-related changes
in SM1-based network. First, to determine how learning
reorganizes spontaneous brain connectivity patterns, we
investigated rsFC changes from before to after learning in
relation to performance improvement during task practice,
that is, motor learning. Second, we tested whether post-
learning changes in rsFC patterns are predictive of the off-
line improvement in performance 30 min after learning,
which reflects the initial phase of memory consolidation.
In young participants, we hypothesized that SM1 rsFC
and its learning-dependent changes would be observed
within cortical regions involved in motor sequence learn-
ing and consolidation processes, including SMA, prefron-
tal and premotor cortices and cerebellum [e.g., Doyon
et al., 2009; Penhune and Steele, 2012]. Given the evidence
for age-related changes in rsFC patterns and in the cortico-
striatal network involved in motor memory consolidation

[for a review, see King et al., 2013], we also predicted differ-
ences in rsFC maps between young and old participants,
before learning as well as during early consolidation.

MATERIALS AND METHODS

Participants

Fourteen young (7 females; 24.2 6 3.5 years (mean 6 std);
range 19–30 years) and fourteen old (8 females; 69.1 6 1.5
years; range 66–70 years) right-handed healthy participants
without any history of neuropsychiatric, sleep or move-
ment disorders gave their written informed consent to par-
ticipate in this study approved by the ULB-Hospital
Erasme Ethics Committee. Participants completed the
Edinburgh handedness questionnaire [Oldfield, 1971] to
confirm their right-handedness (laterality score young:
75.4 6 19.9, old: 89.3 6 13.1). As the experimental task of
this study consisted of a motor sequence learning, profes-
sional typists or musicians were not included. Participants
did not take any medication known to affect sleep or
memory. They were screened for depression using the
Short version of the Beck Depression Inventory (BDI,
[Beck et al., 1974]; French adaptation by [Collet and Cot-
traux, 1986]; score young: 2.6 6 2.6, old: 2.3 6 2.3; inclusion
score �7) and for anxiety using the State-Trait Anxiety
Inventory (STAI, French version: [Bruchon-Schweitzer and
Paulhan, 1990]; score young: 33.7 6 8.9, old: 29.2 6 5.3;
inclusion score �45). Level of education was calculated
based on the International Standard Classification of Edu-
cation and was similar in old (5.1 6 2.4) and young
(5.4 6 2) participants (t(26) 5 20.27, P 5 0.79). Good sleep
habits were assessed using the Pittsburgh Sleep Quality
Index (PSQI, [Buysse et al., 1989]; young 4.2 6 3.1 vs. old
3.4 6 2.2, t(26) 5 0.84; P 5 0.41, inclusion score �8). Old
adults averaged an intermediate morning-type (60.8 6 7.3)
whereas young adults averaged a neutral type (49.8 6 7.9;
t(26) 5 23.82, P< 0.001) at the Morningness–Eveningness
Questionnaire ([Horne and Ostberg, 1976]; range young:
35–61, old: 51–76). Additionally, old participants scored
within the normal range for the risk of dementia (Mattis
Dementia Rating Scale, [Mattis, 1976]; score 141.5 6 1.9,
inclusion score >123). Sleep duration for the night before
the MEG acquisition was similar in young (7.6 6 1.3 hours)
and old (7.2 6 1.2 hours) adults (t(25) 5 0.79; P 5 0.44), as
self-reported from the St Mary’s Hospital sleep question-
naire (adapted from [Ellis et al., 1981]).

Experimental Design

Figure 1 illustrates the experimental paradigm used in
this study.

Resting state data acquisitions lasted 5 min, during
which participants were instructed to stay still and awake
with their eyes open gazing at a fixation cross. Resting-
state sessions took place just before (Rest 1) and 10 min
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after (Rest 2) the execution of a Simple Movement Task
(SMT-1) and a motor sequence learning Finger-Tapping
Task (FTT-1). After Rest 2, participants were administered
again the SMT (SMT-2) followed by the FTT (FTT-2). Anal-
ysis of the mu rhythm during SMT-1 and SMT-2 has been
previously reported, and SMT and FTT procedures were
described in details [Mary et al., 2015]. Only essential
information is provided here. During the SMT, partici-
pants performed 100 auditory-cued key presses using all
four left fingers simultaneously (index to little finger, inter-
stimulus interval 5 sec). MEG data acquired during SMT1
were used to individually localize the right SM1 (rSM1)
cortex seed for subsequent rsFC analyses (see below).

For each FTT ([Orban et al., 2010]; adapted from [Karni
et al., 1995]) trial, participants were instructed to repro-
duce twice a 5-element sequence of finger movements, as
fast and accurately as possible, by pressing the four possi-
ble keys on a MEG-compatible button box (fORP; Current
Designs Inc.) with their left non-dominant hand. The 5-
element sequence was as follows: little finger [4], index
[1], ring [3], middle [2], and little finger [4]. The numeric
representation of the sequence [4-1-3-2-4] was on perma-
nent display to exclude any working memory component.
During the learning phase (FTT-1), 70 trials were adminis-
tered. In the retest phase (FTT-2) taking place 20–30 min
after the end of the learning phase, 50 trials were adminis-
tered. Following Hotermans et al. (2006, 2008), FTT perfor-
mance was computed by considering the eight successive
three-element chunks (i.e., [413], [132], [324], [244], [441],
[413], [132], [324]) that composed each trial (i.e., twice the
sequence [4-1-3-2-4]). Speed performance was computed
per trial as the mean execution time for correctly repro-
duced 3-element chunks. Accuracy was not used as mea-
sure of learning because the error rate in this version of
the FTT is extremely low [Mary et al., 2015; Orban et al.,
2010]. The two first trials of the learning and retest ses-
sions were excluded from statistical analyses to allow par-
ticipants to get used to the task. Learning was then
assessed by comparing the average execution times for the
first and last 20 trials of the learning session. Performance
gain during the retest phase was calculated by comparing

the execution times for the 20 last trials of the learning ses-
sion to the execution times for the 20 first trials of the
retest session.

To investigate the relation between sequence learning
and rsFC, a motor learning index was computed based on
the assumption that performance improves with practice
according to a power law [Newell and Rosenbloom, 1981].
The within-session evolution of mean chunk execution
times ETi at chunk number i was therefore individually fit-
ted to a model ETi / i2a using a logarithmic linear regres-
sion. The motor learning index was then estimated as the
exponent a, since higher values of a indicate faster
decreases in sequence execution time. The percentage of
gain from the 20 last trials of learning to the 20 first trials
of retest was also calculated to investigate the relation
between the offline gain in performance at retest (i.e.,
boost effect; [Hotermans et al., 2006]) and the changes in
rsFC after learning (see below).

MEG Acquisition and Preprocessing

MEG signals were recorded in a light-weight magneti-
cally shielded room using a whole-scalp 306-channel
system (Vectorview & MaxshieldTM; Elekta Oy, Helsinki,
Finland). Four head position indicator coils continuously
monitored the subjects’ head position. The locations of the
coils and at least 300 head-surface points (on scalp, nose,
and face) were determined with respect to the three ana-
tomical fiducials using an electromagnetic tracker (Fastrak,
Polhemus, Colchester, VT). Electrooculogram (EOG) sig-
nals were obtained using bipolar electrodes located below
the left outer canthus and above the right outer canthus.
Electrocardiogram (ECG) was recorded with bipolar elec-
trodes placed below the right collarbone and on the left
last rib. Movements of the left hand were monitored based
on surface electromyogram using bipolar electrodes placed
on the left extensor carpi ulnaris muscle. Rest and SMT
MEG data were pre-processed using the signal space sepa-
ration (SSS) method to suppress external interferences and
correct for head movements [Taulu et al., 2005]. Cardiac,
muscular and ocular artifacts were removed by visual

Figure 1.

Experimental design [adapted from Mary et al., 2015]. Partici-

pants began the experiment with a baseline resting state (REST

1; light gray), followed by a Simple Movement task (SMT-1) and

a Finger-Tapping task (FTT-1). Following a 10-min break, partici-

pants completed a second resting state (REST 2; dark gray),

followed by the SMT and FTT sessions (SMT-2 and FTT-2). MEG

analyses were conducted on REST1 and REST2, and the SM1

seed for rsFC was determined based on the analysis of SMT-1

data. Only behavioral measures were taken from FTT data.
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inspection and an independent component approach [Vig-
rio et al., 2000] combined with a correlation analysis
between the independent components and EOG and ECG
signals as described in [Mary et al., 2015]. After removal
of the artifacts, MEG data were filtered in the beta-band
(12–30 Hz). Indeed, MEG-based SM1 slow envelope corre-
lation was shown to be frequency-specific with the stron-
gest correlation occurring in the alpha to beta frequency
ranges [Brookes et al., 2011; Hipp et al., 2012]. Moreover,
activity in the primary sensorimotor cortex can be assessed
by measuring changes in the rolandic mu rhythm with
dominant frequencies in alpha and beta bands [Cheyne,
2012; Hari and Salmelin, 1997; Jones et al., 2009; Mary
et al., 2015]. The beta rhythm would originate in the pre-
central gyrus and would be involved in motor functions,
whereas the alpha rhythm would be generated in the post-
central gyrus and would be involved in somatosensory
processes [Hari and Salmelin, 1997; Mary et al., 2015].
Therefore, we computed the same rsFC analyses with the
alpha frequency band (8–12 Hz). The results for the corre-
lation between rsFC in the alpha band and behavioral per-
formance are presented in Supporting Information.

Source Reconstruction

Individual 3D-T1 weighted MRIs were acquired using a
1.5 T MRI scanner (Intera, Philips, The Netherlands) and
segmented using the Freesurfer software (Martinos Center
for Biomedical Imaging, Massachusetts). Co-registration
between MEG and MRI coordinate systems was realized
manually using the three anatomical landmarks and the
head-surface points. Individual MEG forward models
were then computed using the Boundary Element Method
implemented in the MNE software suite (Martinos Center
for Biomedical Imaging, Massachusetts). To facilitate inter-
subject comparisons, the models were computed on a
source grid obtained from a homogeneous 5-mm grid
source space covering the whole Montreal Neurological
Institute (MNI) brain, which was then transformed onto
individual MRIs using the non-linear spatial-normalization
algorithm implemented in Statistical Parametric Mapping
(SPM8, Wellcome Department of Cognitive Neurology,
London). Source reconstruction was finally performed
using a band-specific Minimum Norm Estimation (MNE)
[Dale and Sereno, 1993]. To avoid possible issues associat-
ed with SSS regarding resting-state networks [Luckhoo
et al., 2012], MNE was restricted to the planar gradiome-
ters. Their sensor-space noise covariance matrix was esti-
mated in the beta band from 5 min of artifact-free data
recorded from an empty room, and the MNE regulariza-
tion parameter was set as in H€am€al€ainen et al. [2010].
Each estimated three-dimensional source was projected
onto its direction of maximum variance and the analytic
signal was computed using the Hilbert transform.

Seed-Based Resting-State Functional

Connectivity

Seed-based rsFC maps were estimated using the slow
Hilbert envelope correlation analysis adapted from the
seminal works of MEG rsFC [Brookes et al., 2012b; Hipp
et al., 2012] and previously described in Wens et al.
[2014a,b]. Briefly, the instantaneous orthogonalization
method of [Hipp et al., 2012] was first applied to sources’
analytic signals in order to limit the spurious rsFC due to
the spatial leakage effects in MNE [Wens, 2015; Wens
et al., 2015]. Slow envelope fluctuations (�1 Hz) were then
extracted by averaging their Hilbert envelope over sliding
windows (size: 1 s, step: 0.5 s) and their Pearson’s correla-
tion coefficient between the seed and orthogonalized sour-
ces were finally computed. Individual SM1 networks were
derived for both resting-state sessions (i.e., Rest 1 and Rest
2) as the resulting rsFC maps based on a rSM1 seed.

In this work, the rSM1 seed location was determined
individually using a functional localizer [as in Brookes
et al., 2012b] on the basis of SMT event-related mu-rhythm
post-movement enhancement or resynchronization. Post-
movement resynchronization or rebound was used rather
than movement suppression or desynchronization because
it was better localized in terms of time and frequency and
because it was associated with experience-induced modu-
lation in our prior study [Mary et al., 2015]. Event-related
time-frequency power analysis was performed on SMT
data using a Morlet wavelet decomposition with a stan-
dard time-frequency compromise [Tallon-Baudry et al.,
1996]. Power was averaged over a pre-selection of 9 pairs
of gradiometers overlying the rSM1 cortex [Kim and
Chung, 2007]. Post-movement time (young 2653.3 6 672.9
ms; old 2279.3 6 707.6 ms) and frequency (young 21.1 6 2.5
Hz; old 19.1 6 4.1 Hz) of maximum power were then
selected. The wavelet coefficients at selected time and fre-
quency were then source projected as described above.
The MNE depth bias was corrected using the sLORETA
noise normalization [Pascual-Marqui, 2002]. The seed loca-
tion was finally selected as the local maximum peak in the
rSM1 cortex contralateral to hand movement.

rsFC and Behavioral Performance

To investigate post-training changes in rsFC, difference
maps between Rest 2 and Rest 1 rsFC (Rest 2–Rest 1) were
computed for each subject. We first tested the existence of
a relation between the FTT-1 motor learning index and the
post-training changes in rsFC using inter-subject Pearson’s
correlations at each source to characterize learning-related
plastic changes in the SM1 network. In a second step, cor-
relations using the performance gain at retest (i.e., the
boost effect) were performed to investigate whether rsFC
post-training changes are associated with the motor
improvement observed 20–30 min after the end of learn-
ing. A positive (respectively, negative) correlation between
motor performance (i.e., learning or boost) and rsFC

r Age-related Connectivity in Motor Learning r

r 927 r



changes (Rest 2–Rest 1) in a given brain area indicates that
an increased (respectively, decreased) connectivity bet-
ween rSM1 cortex and this region after learning is associ-
ated with a better performance.

The above correlations were performed separately for
the young and the old groups. Reported results were sig-
nificant at Pcorr< 0.05 after correction for the massive mul-
tiple comparisons involved in testing source-level
statistical maps [Barnes et al., 2011]. Correction for multi-
ple comparisons was applied using a Bonferroni correction
for the number of spatial degrees of freedom involved in
MNE reconstructions, estimated as in [Wens et al., 2015].
In practice, the corrected significance level corresponded
to P< 0.0009.

Finally, we tested whether the correlation coefficients
between motor performance and rsFC changes (Rest
2–Rest 1) differed between the young and the old groups
(t(11)-tests on Fisher transformed peak r scores). We
assessed statistical significance for each source location in
the brain and we reported results significant at Pcorr< 0.05
after correction for the multiple comparisons involved in
testing source-level statistical maps [Barnes et al. 2011;
Wens et al., 2015]. In practice, the corrected significance
level corresponded to P< 0.0009. For the sake of complete-
ness, we reported when the Puncorr< 0.01 for the brain
sources found significant in the above group analyses
(Tables I and II).

RESULTS

Finger Tapping Task

Figure 2 illustrates group-averaged execution times dur-
ing learning and retest for young and old participants.

A repeated measures ANOVA on mean execution time
with session (learning vs. retest) and trial type (20 first vs.
20 last) as within-subject factors and group (young vs. old)
as between-subject factor yielded main effects of session
(F(1,26) 5 20.27; P< 0.001) and trial type (F(1,26) 5 37.55;
P< 0.001), and a session by trial interaction effect
(F(1,26) 5 36.31; P< 0.001). The group and other interaction
effects were non-significant (P> 0.05). Tukey post-hoc
analyses revealed faster execution times in the last than in
the first trials during the learning session (1013 6 343 ms
vs. 855 6 255 ms, P< 0.001) and faster execution times in
the first trials during the retest as compared with the last
trials during learning (855 6 255 ms vs. 765 6 211 ms,
P< 0.001). Hence, both young and old participants learned
the sequence and exhibited a performance boost at retest
(Fig. 2B).

In addition to the mean execution time, we tested the
accuracy by comparing the average of the first 20 trials
and last 20 trials of the session. A repeated measures
ANOVA on the percentage of correctly executed chunks
yielded a main effect of group (F(1,26) 5 4.38; P< 0.05).
Although accuracy was higher than 95% in both groups,

TABLE I. Correlations between rsFC post-training changes (Rest 2–Rest 1) and motor learning

MNI coordinates (mm)

Location of maxima x y z Peak r-scores P-value

Young participants Young Old

L parietal operculum (SII) 264 221 20 0.83 20.27 #
L precentral gyrus (premotor area) 250 4 10 20.89 20.053
L superior frontal gyrus (SMA) 29 221 79 0.8 20.35 #
R superior frontal gyrus (SMA) 16 22 75 0.79 20.61 *
R lingual gyrus 16 257 26 20.83 0.35 #
R superior frontal gyrus (pre-SMA) 21 19 60 0.88 0.076 #
R cerebellum (crus I) 45 281 231 20.79 0.14
Old participants Old Young

R superior temporal gyrus 38 9 221 20.8 0.26 #
R inferior frontal gyrus 33 22 211 20.83 20.28
R lingual gyrus (V1) 8 291 25 20.85 20.2 #
R cerebellum (superior vermis) 6 256 215 20.8 20.17
L cuneus (V2) 210 286 30 20.85 0.05 #
L superior temporal gyrus 244 212 26 0.83 0.61
L superior parietal lobule (BA7) 244 256 55 20.85 0.24 #
L inferior parietal lobule 264 226 37 20.79 0.19 #

Brain regions where rsFC changes from Rest 1 to Rest 2 are significantly correlated with the learning index, in young (A) and old (B)
participants. MNI coordinates locate the correlation peak in each region of significance. Peak r scores show the correlation coefficients
in the group for which a significant correlation has been identified (young or old) and the corresponding values in the other group (old
or young). Positive (respectively, negative) values indicate that rsFC post-training increases (respectively, decreases) are associated with
better learning performance. The P-values assess the differences between young and old individuals in the peak r scores. The family-
wise error was controlled for the number of spatial degrees of freedom involved in MNE reconstructions using a Bonferroni correction
(* indicates P< 0.0009; # indicates Puncorr< 0.01). SII, secondary somatosensory cortex; SMA, supplementary motor area; V1, primary
visual cortex; V2, secondary visual cortex.
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old adults (95.7 6 5.8) were globally less accurate than
young adults (98.2 6 2.2).

Resting-State Functional Connectivity

in Relation to Motor Performance

Correlations between rsFC post-training

changes and motor learning

Figure 3 and Table I summarize the significant correla-
tions disclosed between the motor learning index and
rsFC post-training changes (Rest 2–Rest 1).

In young participants, positive correlations were identi-
fied at SII cortex, SMA and pre-SMA, and negative correla-
tions at premotor area, lingual gyrus and cerebellum (Crus
I) (Fig. 3A).

In old participants, a positive correlation was identified
at the left superior temporal gyrus (STG), and negative
correlations at the right STG, inferior frontal gyrus, cere-
bellum (superior vermis), visual areas (V1 and V2) and left
superior parietal lobule (BA7) (Fig. 3B).

Comparisons between young and old adults revealed
correlational differences between learning index and seed-
based rsFC changes between rSM1 and the right superior

Figure 2.

Finger Tapping Task performance, averaged for young (blue) or

old (red) participants. A. Mean execution times (ms) for the cor-

rectly generated 3-element chunks per trial (8 successive 3-

element chunks per trial) are plotted as a function of the 70 trials

during the learning (FTT-1) and the 50 trials during the retest

(FTT-2) sessions (see Experimental Design for further details). B.

Mean execution times (ms) for the first 20 trials (3–23) and last

20 trials during the learning (FTT-1) and retest (FTT-2) sessions.

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE II. Correlations between rsFC post-training changes (Rest 2–Rest 1) and the boost of performance

MNI coordinates (mm)

Location of maxima x y z Peak r-scores P-value

Young participants Young Old

L inferior frontal gyrus 254 24 14 20.84 20.2
L superior parietal lobule (BA5) 24 261 70 0.79 0.6
R middle frontal gyrus (DLPFC) 39 24 50 0.83 0.25
R inferior temporal gyrus 50 241 225 20.79 0.33 #
R middle temporal gyrus 66 226 25 20.80 0.1 #
Old participants Old Young

L caudate nucleus 210 21 15 0.79 20.19 #
L lingual gyrus (V2) 24 291 211 20.84 0.044 #
L paracentral lobule 11 211 80 20.81 20.046
R cerebellum (lobule V) 20 234 222 20.82 20.26
R superior temporal gyrus 66 26 1 0.84 0.02 #

Brain regions where rsFC changes from Rest 1 to Rest 2 significantly correlated with the boost of performance at retest, in young (A)
and old (B) participants. MNI coordinates locate the correlation peak in each region of significance. Peak r scores show the correlation
coefficients in the group for which a significant correlation has been identified (young or old) and the corresponding values in the other
group (old or young). Positive (respectively, negative) values indicate that post-training rsFC increases (respectively, decreases) are asso-
ciated with a stronger boost effect. The P-values assess the differences between young and old individuals in the peak r score and no
group differences survive to correction for multiple comparisons (all P> 0.0009; # indicates Puncorr< 0.01). DLPFC, dorsolateral prefron-
tal cortex; BA5, somatosensory association cortex; V2, secondary visual cortex.
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frontal gyrus (SMA, peak MNI coordinates (x, y, z): 16 21
76 mm; t(25) 5 24.19, Pcorr< 0.05). Young adults exhibited
a positive correlation between performance and the rSM1-
SMA rsFC, whereas old adults exhibited a negative corre-
lation (see Table I and Fig. 3).

Correlations between rsFC post-training changes

and motor performance boost at retest

Figure 4 and Table II summarize the significant correla-
tions disclosed between the motor performance improve-
ment at retest, 20–30 min after learning (i.e., boost effect),
and rsFC post-training changes (Rest 2–Rest 1).

In young participants, positive correlations were identi-
fied at dorsolateral prefrontal cortex (DLPFC) and superior
parietal lobule (BA5), negative correlations at inferior
frontal gyrus and at middle and inferior temporal gyri
(Fig. 4A).

In old participants, positive correlations were identified
at left caudate nucleus and right STG, and negative corre-
lations at right cerebellum (lobule V), left lingual gyrus
(V2) and left paracentral lobule (Fig. 4B).

Coefficient correlations between motor performance
boost and seed-based rsFC changes did not significantly
differ between young and old adults (Pcorr> 0.05).

DISCUSSION

The current study aimed at investigating the rsFC
changes following motor sequence learning and how age-
ing affect those changes. This is, to the best of our knowl-
edge, the first MEG study investigating specific age-related
rsFC modulations following motor sequence learning.
Functional connectivity with respect to a seed located in
the rSM1 cortex, was measured during a resting state
before and after explicit motor sequence learning involving
the left hand in young and old healthy participants. Corre-
lations between rsFC changes (from before to after learn-
ing) and the evolution of behavioral performance (i.e.,
during learning or after a delayed offline period) were
identified in regions previously shown to be involved in
motor sequence learning. The correlations observed in
both young and old adults suggest first, that motor learn-
ing induces a functional reorganization within the resting
brain immediately after learning and second, that practice-

related changes in the sensorimotor network promote early
motor performance improvement. Moreover, the presence
of age-related differences in the plastic rsFC modulations
supports an age-dependent reorganization of the neural
circuits underlying learning and early consolidation stages
of a new motor skill.

At the behavioral level, performance on the Finger Tap-
ping Task (FTT) improved during learning. Execution
times were also faster at retest than at the end of learning,
indicating an offline boost in performance in both young
and old participants. Given prior evidence for a decline in
motor memory consolidation with ageing [Brown et al.,
2009; Fogel et al., 2014; Spencer et al., 2007; Wilson et al.,
2012], an absence or at least a decreased amplitude of the
boost effect may have been expected in old as compared
with young participants. This was not the case in the pre-
sent study, which is likely due to the Simple Movement
Task (SMT-2) that occurred immediately before the retest
phase (FTT-2). Since the motor boost effect is transient and
exhausted with continued motor practice [Hotermans
et al., 2006], it is likely that part of the beneficial effect
observed in young participants was captured during the
elementary motor SMT-2. Accordingly, we previously
showed that administering the FTT without the intermedi-
ate SMT leads to a higher boost effect in young than old
participants (see results of the behavioral-only condition in
[Mary et al., 2015]). Finally, although we did not evidence
a decrease of the boost effect in old as compared with
young adults in the MEG procedure, we might expect an
age-related decrease in the ability to consolidate new
motor skills as previously reported [Brown et al., 2009;
Fogel et al., 2014; Spencer et al., 2007; Wilson et al., 2012].
Moreover, resting state might prepare new motor skills for
later consolidation during sleep, as rsFC post-learning
changes were related to sleep-dependent memory
improvement in young adults [Gregory et al., 2014]. How-
ever, sleep-dependent memory consolidation was not
investigated in the present study. Therefore, it would be
interesting in a future study to investigate how immediate
rsFC changes in young and old adults are related to sleep-
dependent memory decline in ageing.

In a first step, we investigated rsFC changes in relation
to motor learning performance, to determine the links
between learning experience and the reorganization of
functional connectivity patterns. In young adults, better
learning performance was associated with increased post-

Figure 3.

Post-training changes in rsFC (Rest 2–Rest 1) in relation to

motor learning index in young [A] (top panels) and old [B]

(lower panels) participants. Color-coded statistical maps

(Pcorr< 0.05) show positive (blue) and negative (red) correla-

tions between the rsFC changes and the motor learning index.

The right panels represent the linear trend between individual

rsFC changes and the associated learning index in the significant

regions (see Table I for MNI coordinates). The value r repre-

sents the Pearson’s correlation coefficient. rSM1, right primary

sensorimotor cortex; SMA, supplementary motor area; PM, pre-

motor area; Inf., Inferior; L., left; STG, superior temporal gyrus.

(See Supporting Information data for all correlations: Figs. S1

and S2). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4.

Post-training changes in rsFC (Rest 2–Rest 1) in relation to the

offline improvement in performance (motor boost) in young [A]

(top panels) and old [B] (lower panels) participants. Statistical

maps (Pcorr< 0.05) show positive (blue) and negative (red) cor-

relations between the rsFC changes and the amplitude of the

behavioral boost of performance. The right panels represent the

linear trend between individual changes in rsFC and the

associated behavioral boost in the significant regions (see Table

II for MNI coordinates). The value r represents the Pearson’s

correlation coefficient. rSM1, right primary sensorimotor cortex;

DLPFC, dorsolateral prefrontal cortex; Inf., Inferior; STG, supe-

rior temporal gyrus. (See Supporting Information data for all

correlations: Figs. S3 and S4). [Color figure can be viewed at

wileyonlinelibrary.com]
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training rsFC in the SII cortex, the SMA and the pre-SMA.
The correlation between rsFC changes with the SMA and
learning in the young group was significantly different
from the corresponding correlation obtained in the same
region in the old group The supplementary motor complex
(SMA and pre-SMA) plays, among others, a role in the
learning of sequential movements [for a review, see
Nachev et al., 2008]. Importantly, motor cortical regions
such as the SMA and the pre-SMA might be engaged in
planning the individual movements constituting the
sequence, in order to produce fast and accurate sequences
[Doyon et al., 2009]. Some authors propose that M1 cortex
and SMA play a similar role in motor sequence acquisition
[Kim and Shin, 2014; Tamaki et al., 2013]. Indeed, Kim
and Shin [2014] reported that high beta frequency repeti-
tive transcranial magnetic stimulations applied over M1
cortex or SMA reduce response latency to execute explicit
and implicit sequences. Our findings support the proposal
that increased connectivity between rSM1 cortex and the
supplementary motor complex facilitates sequential learn-
ing, and that increased connectivity between rSM1 and SII
cortices promotes sensorimotor integration of the
sequence. However, contrarily to Gregory et al. [2014], we
found decreased connectivity between rSM1 and premotor
cortices. In the Wu et al. [2014] study, increased connectiv-
ity between M1 and premotor cortices before learning was
predictive of reduced skill learning. According to the
authors, an increased coupling between these regions may
represent an inefficient motor system, as premotor cortex
activation is associated with higher cognitive demands.
Additionally, decreased connectivity after learning
between rSM1 cortex and the cerebellum was associated
with better performance during learning in young and old
adults in the present study. Previous neuroimaging studies
have reported a gradually decreasing activity in the cere-
bellum, associated with increasing activity in motor frontal
regions with practice [Grafton et al., 2002; Lehericy et al.,
2005; Penhune and Doyon, 2005]. In addition, Ma et al.
[2010] showed that connectivity between cerebellum and
M1 cortex gradually decreases within four weeks of daily
motor sequence training. In agreement with our results,
motor performance was associated with an increased nega-
tive correlation between cerebellum and motor frontal
regions (M1 cortex and SMA) during the resting state fol-
lowing learning [Vahdat et al., 2011]. The cerebellum plays
an important role during early learning but with the
automatization of the motor sequence, it becomes less nec-
essary to produce accurate movements [Penhune and
Steele, 2012]. In the present study, the reduced error rates
in the FTT even at the beginning of the practice might
explain a reduced involvement of the cerebellum and a
decreased need to perform error detection and correction.

In old adults, we found that decreased post-training
rsFC between rSM1 cortex and the right STG, inferior fron-
tal gyrus, the cerebellum, visual areas (V1 and V2) and the
left superior and inferior parietal lobules was associated

with better motor learning. Contrarily to these findings,
Albert et al. [2009] reported increased connectivity
strength in the frontoparietal and the cerebellar networks
during resting state after motor adaptation learning. The
requirements of the task in the Albert et al. [2009] study
were different however, as they used a visuo-motor adap-
tation task known to rely on different neural substrates
than the FTT [Doyon et al., 2009]. Our findings are howev-
er consistent with other studies that reported gradually
decreasing activity in a fronto-parieto-cerebellar network
during motor sequence practice [Tam�as Kincses et al.,
2008] and increased negative connections within the
cerebello-fronto-parietal network after learning [Vahdat
et al., 2011].

In addition to motor learning, the fronto-parietal net-
work has been associated with goal-directed attentional
processing [Fox et al., 2006]. A decreased coupling
between rSM1 cortex and the attentional network at rest
suggests that older participants recruiting less attentional
resources to perform the sequence of movements devel-
oped better skills. In line with Jacobs et al. [2015], this
result additionally suggests that the age-related formation
of a novel memory mainly depends on a dynamic reorga-
nization between large-scale networks, rather than within
networks. A decreased rsFC between rSM1 cortex and
STG, V1 and the superior parietal lobule was also
observed in old adults. The medial superior temporal
region and the temporoparietal junction are involved in
visual motion processing [Bosco et al., 2008] and the supe-
rior parietal lobule (BA7) has been suggested to integrate
visual and somatosensory inputs during motor learning
[Hardwick et al., 2013]. In the present study, we noticed
that several old adults encountered difficulties to perform
the motor sequence without watching their hand. The con-
nection between rSM1 cortex and these areas might there-
fore be stronger in participants who need a visual
feedback from their hand to execute the sequence. In addi-
tion, increased connectivity after learning between rSM1
and the left STG was associated with increased learning
performance. Still, the presence of increased rsFC between
rSM1 and the left STG associated with a decreased rsFC
between rSM1 and the right STG remains unclear. An
increased involvement of the medial temporal network
(including the superior and middle temporal gyri) has
been found after implicit motor sequence learning, with
the assumption that the medial temporal lobe is involved
in the learning of longer and more complex sequences
[Sami et al., 2014]. Partially in line with this hypothesis,
FTT sequences might be perceived as more complex by
old than young adults, which may explain the increased/
decreased involvement of temporal regions in old/youn-
ger adults, respectively.

In a second step, we examined the relation between the
motor boost of performance observed at retest 20–30 min
after learning and learning-related changes in rsFC, to
determine how this functional reorganization may
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promote early offline consolidation processes. Young
adults exhibited increased connectivity between rSM1 cor-
tex and the DLPFC and the somatosensory association cor-
tex/superior parietal lobule (BA5) in relation to
performance improvement, and decreased connectivity
between rSM1 and the inferior frontal, inferior temporal
and middle temporal gyri. Increased connectivity between
rSM1 cortex and the somatosensory and dorsal prefrontal
regions confirm the proposal that sensorimotor integration
and attentional processing might be critical during the ear-
ly stages of the consolidation of motor sequences [Ma
et al., 2011]. On the other hand, the lateral temporal cortex
(LTC) is known to be involved in the DMN, even though
its involvement is less robust than other areas [Buckner
et al., 2008]. In the context of the present study, we sug-
gest that participants with increased cross-network rsFC
between rSM1 cortex and DLPFC, and decreased connec-
tivity between rSM1 and LTC are more able to both
remain focused on the task and less focused on internal
processes, which is beneficial to the boost of performance.
Some participants reported mentally vocalizing the
sequence of digits during training, probably to guide their
sequential finger movements in the first stage of motor
practice. In the resting scan after learning, the decreased
connectivity between SM1 cortex and a Broca-compatible
area in the inferior frontal gyrus may reflect a gradual
decrease in the verbal rehearsal of the sequence, following
a progressive automatization of the motor sequence. In old
participants, increased rsFC between rSM1 cortex and the
caudate nucleus after learning was positively related to
the boost of motor performance, suggesting that old partic-
ipants with stronger connections within the cortico-striatal
network after learning exhibit a higher offline gain of per-
formance. Consistent with such findings, it was proposed
that the deterioration of the cortico-striatal network con-
tributes to an age-related decline in motor memory consol-
idation [see King et al., 2013, for a review]. Additionally,
increased rsFC between rSM1 and the STG was associated
with increased performance. Conversely, decreased rsFC
between rSM1 cortex and the cerebellum and V2 was relat-
ed to improved performance boost in old adults, like
learning in our prior analysis. Altogether, these findings
demonstrate that changes in rsFC are associated with an
early offline boost of performance in both young and old
adults, which suggests that resting brain fluctuations con-
tribute to early consolidation.

Some limitations could modulate the interpretation of
our results. First, the subjects sample size (14 young and
14 old subjects) is relatively small to conduct correlational
analyses. In practice, small sample leads to large statistical
fluctuations on correlation estimates and so to high statisti-
cal thresholds of significance. These statistical limitations
explain that only restricted areas are displayed in our
maps of correlations (Figs. 3 and 4). Second, we did not
include a control session in which participants did not per-
form a motor learning task. It might be claimed that some

of the observed rsFC changes are due to motor activity,
rather than motor learning. However, the results of the
Albert et al. [2009] study using a motor control task sug-
gest that rsFC changes taking place after motor learning
are actually specific to motor memory consolidation. More-
over, the results of our correlational analyses support the
functional relevance of the identified resting state net-
works and their post-learning changes for early motor
memory consolidation. Third, our analyses were restricted
to one seed located in the rSM1 area. The choice of this
seed was based on previous works that identified changes
driven by motor memory in the sensorimotor network
[Gregory et al., 2014; Ma et al., 2011; Sami et al., 2014;
Sampaio-Baptista et al., 2015; Vahdat et al., 2011] and on
our previous study evidencing age-related plasticity
change in SM1 cortex following learning [Mary et al.,
2015]. We are well aware that the selection of one specific
seed constrains the functional connectivity analysis. There-
fore, we cannot exclude the possibility that other networks
might be related to motor sequence learning. The spatial
constraint inherent to seed-based envelope correlation
method may be bypassed using other approaches such as
ICA, which is frequently used in MEG to identify resting-
state networks. However, we decided to use a seed-based
approach to focus our analysis on the sensorimotor net-
work. Fourth, the cortico-striatal network was sparsely
related to performance in our study, whereas it was dem-
onstrated to be strongly involved in the initial and the
consolidation phases of motor sequence learning [see
Doyon et al., 2009, for a review]. Considering that the spa-
tial resolution of the MEG decreases as a function of the
source depth [Hillebrand and Barnes, 2002], it is not sur-
prising that subcortical regions (such as the striatum or
the hippocampus) were more difficult to localize with
MEG. Notwithstanding the fact that a stronger involve-
ment of the cortico-striatal network may have been unde-
tected in our study, our results are consistent with [Tam�as
Kincses et al., 2008] who did not find correlated activity
with the striatum in the early learning phase. Finally,
although the ability of MEG to detect subcortical and cere-
bellar activity is a matter of debate, an increasing number
of MEG studies have reported task-related activity modu-
lation at the cerebellum [Bourguignon et al., 2013; Jerbi
et al., 2007; Martin et al., 2006; Muthuraman et al., 2014;
Stancak et al., 2011] and the caudate nucleus [Altamura
et al., 2014], which supports the present rsFC findings.

CONCLUSIONS

To sum up, our findings suggest that plastic changes
induced by the acquisition of a new motor skill modulate
spontaneous activity patterns within the resting brain,
with ageing as an additional modulatory factor.
Experience-dependent changes in resting state networks
may reflect the offline processing of newly acquired mem-
ories that contribute to memory consolidation [Albert
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et al., 2009; Gregory et al., 2014; Peigneux et al., 2006; Sami
et al., 2014; Vahdat et al., 2011]. Indeed, acquisition of a
new motor skill induces functional reorganization at rest
immediately after learning. This reorganization is associat-
ed with an improvement of motor performance following
wakefulness, within the hour after the end of learning. As
expected, modulations in learning-related networks have
been identified within the sensorimotor network [Deco
and Corbetta, 2011] and in regions involved in motor
learning and motor memory consolidation [e.g., Doyon
et al., 2009]. Nonetheless, different sensorimotor-related
rsFC patterns and relationships with behavioral perfor-
mance in young and old participants support the proposal
of age-related changes in the neural circuits underlying
learning and early consolidation of novel motor skills.
Finally, this MEG study highlights the functional role of
intra- and inter-hemispheric power envelope correlation
within the SM1 resting-state network outside the classical
coupling between SM1 homologous regions.
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Buuren (ULB). Xavier De Tiège (Postdoctoral Clinical Mas-
ter Specialist) and Vincent Wens (Research Logistic Collab-
orator) are supported by the FRS-FNRS (Belgium). Rachel
Leproult was supported by a “Brains Back to Brussels”
grant. Philippe Peigneux is ULB Francqui Research Profes-
sor 2013–2016.

REFERENCES

Albert NB, Robertson EM, Miall RC (2009): The resting human

brain and motor learning. Curr Biol CB 19:1023–1027.
Albouy G, Ruby P, Phillips C, Luxen A, Peigneux P, Maquet P

(2006): Implicit oculomotor sequence learning in humans: Time

course of offline processing. Brain Res 1090:163–171.
Albouy G, Fogel S, King BR, Laventure S, Benali H, Karni A,

Carrier J, Robertson EM, Doyon J (2015): Maintaining vs.

enhancing motor sequence memories: Respective roles of stria-

tal and hippocampal systems. NeuroImage 108:423–434.
Altamura M, Carver FW, Elvevåg B, Weinberger DR, Coppola R
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