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Modulation of themu-alpha andmu-beta spontaneous rhythms reflects plastic neural changeswithin the primary
sensorimotor cortex (SM1). Using magnetoencephalography (MEG), we investigated how aging modifies
experience-induced plasticity after learning a motor sequence, looking at post- vs. pre-learning changes in the
modulation of mu rhythms during the execution of simple hand movements. Fifteen young (18–30 years) and
fourteen older (65–75 years) right-handed healthy participants performed auditory-cued key presses using all
four left fingers simultaneously (Simple Movement task — SMT) during two separate sessions. Following both
SMT sessions, they repeatedly practiced a 5-elements sequential finger-tapping task (FTT). Mu power calculated
during SMT was averaged across 18 gradiometers covering the right sensorimotor region and compared before
vs. after sequence learning in the alpha (9/10/11 Hz) and the beta (18/20/22 Hz) bands separately. Source
power maps in the mu-alpha and mu-beta bands were localized using Dynamic Statistical Parametric Mapping
(dSPM). The FTT sequence was performed faster at retest than at the end of the learning session, indicating an
offline boost in performance. Analyses conducted on SMT sessions revealed enhanced rebound after learning in
the right SM1, 3000–3500ms after the initiation ofmovement, in young as compared to older participants. Source
reconstruction indicated thatmu-beta is located in the precentral gyrus (motor processes) andmu-alpha is located
in the postcentral gyrus (somatosensory processes) in both groups. The enhanced post-movement rebound in
young subjects potentially reflects post-training plastic changes in SM1. Age-related decreases in post-training
modulatory effects suggest reduced experience-dependent plasticity in the aging brain.

© 2014 Elsevier Inc. All rights reserved.
Introduction

The ability to learn complex sequences of movements is a necessary
requisite for many everyday motor activities. In addition, motor skills
acquired during training continue to develop offline after practice
has ended, while awake or asleep. Offline processes taking place after
the end of the training period participate in memory consolidation,
allowing newly acquired abilities to become increasingly stable and
resistant to interference through the passage of time (Dudai, 2004;
Frankland and Bontempi, 2005; McGaugh, 2000; Walker and Stickgold,
2006). Learning and consolidation of motor skills are accompanied by
functional and structural reorganization within specific cerebral regions
y and Functional Neuroimaging
91, Avenue F.D. Roosevelt 50,
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(Peigneux et al., 2006), especially in the primary motor cortex (M1)
known to be involved in motor learning (Censor et al., 2010; Karni
et al., 1995; Muellbacher et al., 2002; Robertson et al., 2005). The
functional role of M1 in motor sequence learning can be defined as
the storage site for new motor memories, where representations of
the sequence are progressively strengthened in specific networks of
neurons, supporting practice-related plastic changes in motor maps
(Penhune and Steele, 2012). Besides M1, several other brain regions
are involved in the acquisition and consolidation of motor sequence
learning. Motor skill learning is supported by cortico-cerebellar and
cortico-striatal systems (e.g., Doyon et al., 2009; Penhune and Steele,
2012). The cerebellum has been hypothesized to participate to sensori-
motor integration and error correction that facilitate the first phases of
learning (Penhune and Steele, 2012). Activity in the cerebellum de-
creases with practice of the motor sequence. By contrast, the striatum
and associated motor cortical regions remain activated when the se-
quence of movement is well learned, supporting their role in long-term
consolidation (Doyon et al., 2009). The striatummight play an important
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role for learning associations between individual movements in the
sequence (e.g. motor chunks) (Penhune and Steele, 2012).

Young participants trained on amotor sequence exhibit a strong but
transient offline improvement of motor performance after an inactivity
period of 5–30 min following training (Albouy et al., 2006; Hotermans
et al., 2006, 2008; Schmitz et al., 2009), which is not present anymore
after 4 h of inactivity or during uninterrupted practice (Hotermans
et al., 2006). The amplitude of the performance boost predicts the size
of the performance gains observed 48 h after learning, suggesting a
functional implication of the boost phenomenon in motor memory
processes (Hotermans et al., 2006). However, repetitive transcranial
magnetic stimulation (rTMS) applied over M1 immediately after the
end of learning, and before the motor sequence test, reduces the boost
effect but does not impact delayed, overnight gains in performance
(Hotermans et al., 2008). Similarly, TMS applied over M1 immediately
after practice hinders improvements in motor memory over the day,
but not overnight (Robertson et al., 2005). Altogether, these results sug-
gest that M1 plays a critical role during the motor training phase and
during the immediately ensuing post-learning wake period, but that
different neural networks are already involved in longer-term motor
memory consolidation processes (Hotermans et al., 2008; Robertson
et al., 2005), indicating that the boost effect reflects a temporary activat-
ed state of motor memory (Hotermans et al., 2008). This temporary
improvement in motor performance is independent of the practiced
material as it generalizes also to untrained sequences (Schmitz et al.,
2009), suggesting that the motor boost subtends the optimization
of general features of motor learning, rather than consolidating specific
sequential components of the material to be learned.

Memory and plasticity processes are crucial players in the mainte-
nance and optimization of cognitive functioning in aging (Lupien and
Wan, 2004; Walker, 2005). Several studies evidenced a decline in M1
plasticity with aging, which might be responsible for motor deficits
(Freitas et al., 2011; Sawaki et al., 2003; Todd et al., 2010). However,
recent studies suggest that older adults are as efficient as young adults
at the initial encoding phase of motor learning, and that potential diffi-
culties may appear later on during the offline memory consolidation
phase (Brown et al., 2009; Spencer et al., 2007; Wilson et al., 2012).
The boost and memory consolidation phases are distinctive in that the
former is transiently present after only a few minutes, whereas the
latter sustains and takes hours to days to achieve (Press et al., 2005).
To the best of our knowledge, the potential impact of aging on the
boost of motor performance following a 5–30min offline resting period
has never been investigated. Aswell, how reorganization processes take
place in M1 following learning in young and older participants has not
been specifically studied either.

Activity in the primary sensorimotor cortex (SM1) can be assessed
by measuring changes in the rolandic mu rhythm with dominant
frequencies in alpha (~10 Hz) and beta (~20 Hz) frequency bands
(Cheyne, 2012; Hari and Salmelin, 1997; Jones et al., 2009). Mu-alpha
and mu-beta may involve distinct functional networks (Hari and
Salmelin, 1997; Hari, 2006; Ritter et al., 2009). The beta rhythm would
originate in the pre-central gyrus, responsible for motor functions,
whereas the alpha rhythm would be generated more posteriorly, in
the post-central gyrus, responsible for somatosensory processes.
Power decrease or increase in the ongoing mu rhythm is known as
event-related desynchronization (ERD) or synchronization (ERS), re-
spectively (Pfurtscheller and Lopes da Silva, 1999). The mu rhythm
observed at rest is transiently reduced during movement execution,
observation, imagination and preparation (Chatrian et al., 1959;
Cheyne et al., 2003; Hari, 2006; Hari and Salmelin, 1997; Neuper et al.,
2006; Pineda, 2005), and then enhanced after movement termination
(Jurkiewicz et al., 2006; Neuper et al., 2006; Pfurtscheller et al., 1996).
This post-movement mu rebound overtakes pre-movement levels and
lasts a few seconds before returning to baseline (Pfurtscheller et al.,
1996). The mu ERD is believed to represent an active state of motor
and/or sensory networks during movement preparation and execution
(Jurkiewicz et al., 2006), whereas the mu ERS would reflect active
cortical inhibition (Gaetz et al., 2010; Klimesch et al., 2007), cortical sta-
bilization (Caetano et al., 2007) or active immobilization (Erbil and
Ungan, 2007; Salmelin et al., 1995) of the SM1. More recently, it has
also been suggested that ERS may represent an active process in SM1
that promotes themaintenance of the currentmovement, i.e. the “status
quo” hypothesis (Engel and Fries, 2010). Theta burst stimulation over
M1 induces an increased beta power that may represent Long-Term
Depression (LTD) plasticity mechanisms (McAllister et al., 2013; Noh,
et al., 2012). Importantly, developing expertise in a motor task may
also require modulation of the cortical mu rhythm to integrate the
new motor ability. Enhanced modulation of the mu rhythm was
evidenced during motor skill acquisition (Boonstra et al., 2007), with a
stronger decrease in beta power and improved proficiency in bimanual
sequence execution (Andres et al., 1999), a greater decrease in alpha
power during repetitive sensory stimulation associated with subse-
quent perceptual learning improvement (Freyer et al., 2013), and a pro-
gressive decrease in the 10-Hz power coupled with increased explicit
knowledge of the motor sequence (Zhuang et al., 1997). These changes
in the modulation of the mu rhythm might reflect plasticity processes
taking place in M1 during the course of motor learning. However, to
the best of our knowledge, there is nowadays no study evidencing a
role of mu ERD/S in the motor plastic changes that take place after a
specific and complex motor learning.

In the present study, we hypothesized that modulation of mu
rhythms over M1 during simple movements would be influenced by a
prior, complexmotor sequence learning experience, in line with studies
suggesting an involvement of M1 within the first minutes (Hotermans
et al., 2008) or hours (Robertson et al., 2005) after learning. Supporting
this hypothesis, previously published MEG investigations disclosed in-
creased betamodulation inM1 (i.e. increased beta ERD and ERS) during
motor learning positively correlated with motor performance, suggest-
ing that increasedmodulationmay reflectM1 functional reorganization
during the time course of motor learning (Boonstra et al., 2007). In line
with these findings, increased modulation of the mu rhythm following
motor sequence learning during the execution of simple movements
may reflect a practice-dependent sensorimotor reorganization. How-
ever, mere movement repetition may result in a progressive ERD
decrease, more directly related to an habituation effect reducing atten-
tional demands directed towards the motor task (Dirnberger et al.,
2004; Erbil and Ungan, 2007). Experience-dependent modulation of
the cortical mu rhythm following learning might be diminished with
aging, in line with studies suggesting an age-related decline in M1 plas-
ticity following motor learning (Freitas et al., 2011; Sawaki et al., 2003;
Todd et al., 2010). To test these predictions, we investigated the modu-
lation of mu rhythms using magnetoencephalography (MEG) during
the execution of simple hand movements (Simple Movement Task,
SMT) after learning a motor sequence of finger movements (Finger
Tapping task, FTT; Karni et al., 1995).

Materials and methods

Participants

Fifteen young (7 females; range 18–30 years; 24.26± 3.33) and four-
teen older (8 females; range 65–75 years; 69.1 ± 1.46) right-handed
healthy participants gave their written agreement to participate in this
MEG study approved by the ULB-Hospital Erasme Ethics Committee.
Participants had no history of neuropsychiatric disease ormovement dis-
orders and were right-handed according to the Edinburgh handedness
inventory (Oldfield, 1971). Participants were screened for depression
using the Shortened version of the Beck Depression Inventory (BDI,
Beck et al., 1974; French adaptation by Collet and Cottraux, 1986).
Sleep habits were assessed using the Pittsburgh Sleep Quality Index
(PSQI, Buysse et al., 1989) and the scores were similar in both groups
(t(27) = 0.86; p = 0.4; young: 4.2 ± 2.98; older: 3.36 ± 2.24).
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Participants did not take anymedication that could have affected sleep or
memory. All had neutral or intermediate chronotype, asmeasured by the
Morningness–Eveningness Questionnaire (Horne and Ostberg, 1976).
Older (14.86 ± 3.21) and young participants (15.8 ± 3.49) did not sig-
nificantly differ in years of education (t(27)= 0.75, p= 0.46). Addition-
ally, older participants were screened for dementia using the Mattis
Dementia Rating Scale (Mattis, 1976); all scored within the normal
range (mean = 141.42/144 ± 1.89). Before data acquisition, partici-
pants were administered the State-Trait Anxiety Inventory (STAI, French
version: Bruchon-Schweitzer and Paulhan, 1990) to determine both
state- and trait-levels of anxiety, and the St Mary's Hospital sleep ques-
tionnaire (adapted from Ellis et al., 1981) to evaluate the quality of
sleep on the night preceding the experiment.

Experimental procedure

The experimental design is illustrated Fig. 1. The experiment was
programmed and conducted using Cogent 2000 and Cogent Graphics
(http://www.vislab.ucl.ac.uk) software implemented in MATLAB 6.1
(Mathworks Inc., Sherbom, MA). Stimuli were back-projected on a
screen (32 × 51 cm) placed 1 m in front of the participants' eyes. Infor-
mation was written in light gray, font Arial size 25 on a black back-
ground, with a 1024 × 768 pixels screen resolution.

Simple movement task (SMT)

In the SMT, subjects pressed the four keys using the four fingers
simultaneously every 5 s, in response to an auditory cue. The task com-
prised 100 trials, and subjects had to look at a centrally located fixation
cross at all time to avoid eye movement artifacts. The task was per-
formed during two separateMEG sessions, before and after the learning
FTT phase (see below).

Finger tapping task (FTT)

In the FTT, subjects had to reproduce as fast and accurately as possi-
ble a five-element sequence of 4 possible key presses using the four fin-
gers of the left, non-dominant hand (sequence [4-1-3-2-4] from index
[1] to littlefinger [4]). The non-dominant handwas used to avoid ceiling
effect with the dominant hand as motor dexterity (i.e. precision and
speed) is decreased for the non-dominant hand as compared to the
dominant hand (Francis and Spirduso, 2000). Each trial consisted of 3
elements (Orban et al., 2011): preparation, sequence reproduction and
a 10-second rest. During the preparation phase, subjects mentally
planed the sequence. During the execution phase, subjects started re-
producing the sequence whenever they felt ready; the sequence had
to be repeated twice. An auditory cue was then delivered following
the last element of the sequence and participants had to relax during
10 s, allowing the mu rhythm to be back to baseline amplitude level
(Cassim et al., 2000). During the preparation and execution phases, a
numeric representation of the sequence to perform was displayed on
the screen [4-1-3-2-4], and replaced by a [X-X-X-X-X] pattern during
the resting period. Subjects performed the FTT task immediately after
the first SMT session (learning phase; 70 trials) and after the second
SMT session (retest phase; 50 trials).
Fig. 1. Experimental paradigm in theMEG environment. Participants performed two sessions co
leftfingers simultaneously (index to littlefinger), and (3) sequence learning task (Finger-Tappin
fingers). MEG analyses were realized on Simple Movement task (SMT) executed before (light
A Visual Analogue Scale of Fatigue (VASF) was completed before and
after theMEG session in order to identify fatigue effects and potential dif-
ferences between groups. In addition, participants had to score their abil-
ity to prepare themotor execution of the sequence, ranging from 1 (very
hard to feel) to 7 (very easy to feel) on a Likert kinesthetic imagery scale
(adapted fromHall andMartin 1997). Subjective scores were similar be-
tween groups (young 5.03± 1.46 vs. older 5.34± 1.19; t(27)=−0.62;
p= 0.54) and participants considered on average the sequence as “quite
easy to feel”.

Finger tapping task measures and statistical analyses
Behavioral performance on the FTT was computed considering the 8

possible three-element chunks that composed each trial (i.e. 413, 132,
324, 244, 441, 413, 132, 324), as previously published (Hotermans
et al., 2006, 2008). With practice indeed, the motor sequence is not
conceived anymore as constituted of individual successive elements,
but rather becomes a temporal representation associating elements to-
gether and reorganizing the sequence in amotor chunk (Bo and Seidler,
2009; Cleeremans and McClelland, 1991; Verwey, 2010). Chunk length
was limited to three elements given evidence that young subjects are
able to encode 3 to 4 temporal elements together (Bo and Seidler,
2009), and that elders are able to use a maximum of 4 elements during
motor sequence learning (Bo et al., 2009). Speed performancewas com-
puted as the time needed to correctly generate the 3-element chunks
from the 2 sequences executed per trial (execution times). As well,
accuracy score was computed as the percentage of correctly generated
3-element chunks (percentage of correct responses). Comparisons
within and between groups were computed using repeated-measures
ANOVA conducted on mean execution times and percentage of correct
responses.Within-session effects were assessed comparing the average
of the first and last 20 trials of each session (learning and retest). The
boost effect was calculated comparing execution time for the 20 last
trials of the learning session (trials 51–70) to execution time for the
20 first trials of the retest session (trials 3–22). The two first trials of
both sessions were removed from statistical analysis to allow habitua-
tion to the task.

Additional finger tapping task measures (behavioral-only session)
The boost effect is a transient motor phenomenon (Albouy et al.,

2006; Hotermans et al., 2006, 2008; Schmitz et al., 2009), that might
be dampened by the repetition of movements in the SMT interleaved
between the FTT learning and retest phases, aswell as by the constraints
of the experimental design in the MEG environment (e.g. cued produc-
tion of the FTT sequence, see discussion below for further details). Con-
sequently, we conducted a supplementary experiment with 14 young
(10 females; range 18–30 years; 19.71± 1.54) and 12 older (7 females;
range 65–75 years; 69.83 ± 3.26) right-handed healthy subjects, using
our previously published setting (Hotermans et al., 2006, 2008). Partic-
ipants practiced the same 5-element sequential FTT during 12 blocks of
30 s each, interleaved with 30-second rest periods. Performance was
tested 30 min after learning on 2 additional blocks. The 30-min interval
between learning and retest was filled with questionnaires. Speed
performance was computed as the number of correctly generated
3-element chunks in each block (Hotermans et al., 2006, 2008). The
first learning block was removed from statistical analysis to allow
nstituted of (1) rest, (2) auditory-cued key presses (SimpleMovement task) using all four
g task) involving the fourfingers of the left hand (sequence: little, index, ring,middle, little
gray) and after (dark gray) the sequence learning task.

http://www.vislab.ucl.ac.uk
image of Fig.�1
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habituation to the task and reach optimal accuracy. The learning effect
was assessed comparing the number of 3-element chunks generated
during the 2 first blocks (block 2–3) and the 2 last blocks (block
11–12) of the learning session. The boost effect was assessed comparing
the number of 3-element chunks generated in the 2 last blocks of the
learning session (block 11–12) and in the 2 blocks of the retest session
(block 13–14). Participants had no history of neuropsychiatric disease
or movement disorders and were right-handed according to the
Edinburgh handedness inventory (Oldfield, 1971). No musicians or
professional typists were included. Depression scores on the Shortened
version of the Beck Depression Inventory (BDI, Beck et al., 1974; French
adaptation by Collet and Cottraux, 1986) for the young participants and
on the Geriatric Depression Scale (GDS-15, Sheikh and Yesavage, 1986)
for older participants were below cut-off scores in both groups. Sleep
habits were assessed using the Pittsburgh Sleep Quality Index (PSQI,
Buysse et al., 1989) and were also similar (t(27) = 0.86; p = 0.4;
young: 4.2 ± 2.98; older: 3.36 ± 2.24). Participants did not take
any medication that could have affected sleep or memory. Older adults
averaged an intermediate morning-type (62.79 ± 6.44) whereas
young adults averaged a neutral type (43.64 ± 6.81; t(24) = −7.33,
p b 0.001) in the Morningness–Eveningness Questionnaire (Horne and
Ostberg, 1976). Older participants were screened for dementia and
scored within the normal range (score ≥ 26, 27.92 ± 1.08) at the
Montreal Cognitive Assessment (MoCa; Nasreddine et al., 2005).

MEG data acquisition
MEG signals were recorded in a light-weight magnetically shielded

room using a whole-scalp 306-channel system (Vectorview &
MaxshieldTM; Elekta Oy, Helsinki, Finland). Head position inside the
MEG helmet was continuously monitored using four head tracking
coils. The locations of the coils and at least 150 head-surface (on scalp,
nose and face) pointswere determinedwith respect to three anatomical
landmarks (nasion and preauricular points) using an electromagnetic
digitizer (Fastrak, Polhemus, Colchester, VT, USA). Electrooculogram
(EOG) signals were obtained using bipolar electrodes located below
the left outer canthus and above the right outer canthus. Electrocardio-
gram (ECG) was recorded with bipolar electrodes placed below the
right collarbone and at the left last rib. Movements of the left hand
were monitored using bipolar electrodes placed on the left extensor
carpi ulnaris muscle. Individual 3D-T1 weighted Magnetic Resonance
Imaging (MRI) was also acquired using a 1.5 T MRI scanner (Intera,
Philips, The Netherlands) at ULB-Hôpital Erasme.

MEG data pre-processing
Continuous MEG data were pre-processed using the signal space

separation (SSS) method to suppress external interferences and correct
for head movements (Taulu et al., 2005), and band-pass filtered in the
1–45 Hz frequency range. Epochs were extracted from −1000 ms to
4000ms relative to auditory stimuli onsets during SMT. Epochs contain-
ing artifacts (e.g. muscle artifacts) were removed from further analyses
based on visual inspection. An Independent Component Analysis was
performed for each subject to identify and remove components
reflecting cardiac and ocular activity. Ocular and cardiac components
were selected on the basis of their topography and correlations with
EOGand ECG signals, respectively.MEG epochs exceeding 3 pT (magne-
tometers) or 0.7 pT/cm (gradiometers) were further excluded from the
analysis to discard any remaining artifact in the MEG signals.

MEG data analyses

Time–frequency analysis at the sensor level. Time–frequency decomposi-
tion of all epochs was obtained with wavelet transformation, using a
7-cycle Morlet wavelet (Tallon-Baudry et al., 1996). Power was aver-
aged over a pre-selection of 18 gradiometers overlying the right and
left sensorimotor region (Kim and Chung, 2007). For each subject, the
time course of alpha and beta oscillationswas assessed at the frequency
yielding the maximal power (alpha: 9/10/11 Hz; beta: 18/20/22 Hz).
The period used for statistical analysis started 1000 ms prior to the
auditory cue triggering the simple movements and lasted 4000 ms.
The time course of the power increase/decrease in the alpha and beta
bands relative to the baseline value (from −800 to −200 ms) were
obtained as follows: (P(t,f) − Pbaseline(f)) / Pbaseline(f).

Statistical differences in power within each group and for each
frequency band (alpha and beta) were conducted for the SMT before
vs. after the FTT learning session and were computed using Wilcoxon
signed rank test performed on the power averaged in 500-ms adjacent
windows spanning the 0 to 4000-ms range. Between-group compari-
sons in changes after vs. before FTT learning were conducted in the
alpha and beta bands separately using permutation tests (Nichols and
Holmes, 2002). First, power differences after vs. before FTT learning
were calculated for each participant, then power differences were aver-
aged within the young and older groups. Second, power differences
after vs. before FTT learning in the older group were subtracted from
power differences in the young subjects. Two variables were calculated
by period of 500 ms duration (spanning the 0 to 4000-ms range):
the maximum absolute power differences, and the average absolute
power differences. Third, the sampling distribution of these variables
was assessed computing their values after randomly shuffling young
and older participants (1000 permutations). Results were deemed
significant when they exceeded the 95-percentile of their sampling
distribution.

Finally, associations between sequence learning performance and
power changes after vs. before FTT learningwere assessed using a linear
regression analysis with differences in power change between young
and older participants as dependent variable and with the within-
session gain during learning, the between-session gain (30-min boost)
and the age of our participants as predictors. The within-session gain
during learning was computed as the percentage of improvement
from the 20 first trials to the 20 last trials of learning and the
between-session gain as the percentage of improvement from the 20
last trials of learning to the 20 first trials of retest.

Source reconstruction. Individual MRIs were segmented using Freesurfer
software (Martinos Center for Biomedical Imaging, Massachusetts, USA).
Co-registration betweenMEG andMRI coordinate systemswas achieved
using the three anatomical landmarks for initial estimation and the
head-surface points to manually refine the surface co-registration.
Individual MEG forward models were then computed using the Bound-
ary Element Method implemented in the MNE software suite (Martinos
Center for Biomedical Imaging, Massachusetts, USA). To perform group
averaging, the MEG forward models were first defined on a source
grid obtained from a homogeneous 5-mm grid source space covering
the whole Montreal Neurological Institute (MNI) brain, and then
transformed onto individual MRIs using the non-linear spatial-
normalization algorithm implemented in Statistical Parametric Mapping
(SPM8, Wellcome Department of Cognitive Neurology, London, UK).
Individual sources power maps in the mu-alpha and mu-beta bands
were then reconstructed using Dynamic Statistical Parametric Mapping
(dSPM) (Dale and Sereno, 1993) on the basis of themu rebound estimat-
ed during SMTexecuted before learning.Wefirst used sensor-level time-
frequency analysis (see Time–frequency analysis at the sensor level) to
identify at the individual level post-movement time and frequency
(alpha: 9/10/11 Hz; beta: 18/20/22 Hz) of maximum power increase
with respect to the baseline (−800 to −200 ms pre-movement) in
right sensorimotor sensors. The associated sensor-level wavelet coeffi-
cients where source-projected with dSPM (noise covariance matrix
estimated from pre-movement baseline (−800 to −200 ms) filtered
at the same frequency) and the ensuing relative power increases were
then computed. The resulting individual mu-alpha and mu-beta power
mapswere finally averaged separately over the young and older subjects
to create group-level maps, which were displayed on the MNI brain in
order to localize the mu-alpha and mu-beta rhythms.



Table 1
Scores on VASF, STAI, PSQI, and St-Mary questionnaires (means and standard deviations).

Young adults Older adults

VASF
Drowsiness before (%) 28.6 (22.05) 23.08 (15.9)
Drowsiness after (%) 38.5 (25.44) 37.23 (17.26)
Fatigue before (%) 41.24 (26.2) 20.62 (15.51)
Fatigue after (%) 40.14 (27.16) 32.38 (17.16)
STAI
State 30.33 (9.98) 26.23 (5.23)
Trait 37 (9.14) 33 (5.51)
PSQI
Sleep duration (hours) 7.44 (1.14) 7.39 (1.05)
Sleep latency (minutes) 25 (28.16) 12.46 (16.28)
St Mary's Hospital sleep questionnaire
Sleep duration (hours) 7.34 (1.12) 7.13 (1.14)
Sleep latency (minutes) 14.67 (14.33) 12.38 (12.27)

Note: Percentage of drowsiness and fatigue were assessed twice for the VASF, i.e. before
and after MEG acquisition.
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Results

Questionnaires (see Table 1)

Right-handednessmeasured by the Edinburghhandedness inventory
(Oldfield, 1971) was less pronounced in young (75.33% ± 16.31) than
older (87.86% ± 12.97) participants (t(27) = −2.28, p = 0.03). Health
condition scored on a Likert-type rating scale, ranging from 0 (very
bad) to 10 (excellent), was similar between groups (t(27) = 1.47;
p = 0.15; young: 8.37 ± 1.008; older: 7.86 ± 0.84). Similarly,
depression scores on the Shortened version of the Beck Depression
Inventory (BDI, Beck et al., 1974; French adaptation by Collet and
Cottraux, 1986) were similar and below cut-off score (t(27) = 0.42;
p = 0.68; young: 2.67 ± 2.53; older: 2.29 ± 2.33). Chronotype was
measured by the Morningness–Eveningness Questionnaire (Horne and
Ostberg, 1976). Older adults averaged an intermediate morning-type
(60.75 ± 7.33) whereas young adults averaged a neutral type
(49.71 ± 7.34; t(27) = −3.97, p b 0.001).

A repeated measures ANOVA performed on drowsiness and fatigue
VASF scores with within-factor time of assessment (before vs. after
MEG acquisition) and between-factor group revealed a main effect
of time of assessment for drowsiness (F(1,26) = 11.53; p b 0.01),
Fig. 2. Finger Tapping task performance (execution times) inyoung and older adults duringMEG
the training and retest sessions. B. Mean execution times [ms] for 3-element chunks generated
indicating that subjects weremore drowsy at the end than at the begin-
ning of the testing session. Other effects and interactions were not
significant. STAI (Bruchon-Schweitzer and Paulhan, 1990) question-
naire values were similar between groups (ps N 0.1). Sleep duration
and sleep latency were evaluated with both the PSQI (Buysse et al.,
1989) to estimate participants' sleep habits during the last month, and
the StMary's Hospital sleep questionnaire (Ellis et al., 1981) to estimate
the maintenance of these habits during the night preceding the MEG
acquisition. Repeated measures ANOVA performed on sleep duration
and sleep latency showed that these sleep variables did not differ
between questionnaires (ps N 0.1), indicating that participants kept
their sleep habits during the night preceding the MEG acquisition. The
main effect of group and the interaction effects were non-significant
(ps N 0.1), suggesting that sleep latency and duration were similar be-
tween groups.

Finger tapping task

Execution times (speed performance) are illustrated Fig. 2 for both
groups at training and retest MEG sessions.

A repeated measures ANOVA for the 3-element chunks (Fig. 2B)
with session (learning vs. retest) and trial type (20 first vs. 20 last)
as within-subject factors and group (young vs. older) as between-
subject factor yielded significant effects of session (F(1,27) = 18.86;
p b 0.001) and trial type (F(1,27) = 34.01; p b 0.001), and a session
by trial interaction effect (F(1,27) = 30.13; p b 0.001). The group effect
was non-significant (F(1,27) = 2.05; p= 0.16,), as well as other inter-
actions (p N 0.15). Tukey's post-hoc tests disclosed faster execution
times in the last than the first trials of the learning session (1032 ±
363 ms vs. 854 ± 258 ms, p b 0.001) and faster execution times in the
beginning of the retest session as compared to the end of the learning
session (854 ± 258 ms vs. 779 ± 210 ms, p = 0.01), indicating a
boost effect on performance. No significant difference in execution
times was identified between the beginning and the end of the retest
session (p b 0.82). The same statistical analyses were computed for
the full sequence of five elements (Fig. 2A). Results for the full sequence
of five elements are similar to the results with the 3-element chunks.

A repeated measures ANOVA conducted on the percentage of
correct responses revealed a significant session by trial interaction
(F(1,27) = 5.46, p b 0.05), but Tukey's post-hoc tests did not evi-
dence any significant differences (ps N 0.1).
sessions. A.Mean execution times [ms] for 5-element sequences generated per trial during
per trial during the training and retest sessions.

image of Fig.�2


Fig. 3. Topographical plots of event-relatedmodulation ofmu-alpha power (9/10/11Hz) (A) andmu-beta power (18/20/22 Hz) (B) averaged over all subjects over the−1000 to 4000ms
time window during SMT executed after learning. Time 0 on the x axis is aligned with the onset of the auditory cue triggering simple movements' execution.
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MEG measurements

Time–frequency analysis at the sensor level
Time–frequency analyses were performed to identify age-related

differences in the time course of oscillatory changes associated with
simple movements (SMT) executed before vs. after learning. Mean
latencies before the execution of simplemovements following the audi-
tory cue (528.63 ± 219.06 ms) and the mean duration of movements
(155.87 ± 144.12 ms) were similar in both Simple Movement Task
(SMT) sessions (ps N 0.5), suggesting that the way movements were
executed remained similar. Therefore, significant neurophysiological
differences between SMT sessions (before vs. after the FTT learning)
cannot simply be explained by changes in movement latency or dura-
tion. The most prominent power changes are observed within the
nine pairs of planar gradiometer channels selected for theMEG analyses
(Fig. 3).

Within-group comparisons before vs. after the FTT learning showed
that the decrease in beta power duringmovement executionwas stron-
ger before than after learning in the left SM1 in older participants
(Wilcoxon signed-rank test: p = 0.01). In young participants, the sub-
sequent post-movement rebound was higher after than before motor
sequence learning in both alpha and beta bands in the right SM1
(Wilcoxon signed-rank test: p = 0.01; Fig. 4) and in the beta band in
the left SM1 (Wilcoxon signed-rank test: p b 0.01).
Fig. 4. A. Event-relatedmodulation of mu-alpha power (mean+/− 1 standard deviation) avera
(light gray curve) and after (dark gray curve) learning, with increased post-learning rebound i
modulation ofmu-beta power (mean+/− 1 standard deviation) averaged from right sensorim
curve) learning.
A permutation test disclosed age-related differences in the rebound
of the alpha power in the 3000–3500-ms time window, both for the
maximum absolute power differences and for the average absolute
power differences (ps b 0.05; Fig. 4). As shown in Fig. 4, the rebound
was enhanced after learning in young but not in older participants in
the mu-alpha band in the right SM1. At variance, the rebound after
learning in the mu-beta band was not significantly increased in young
compared to older participants (ps N 0.18). All other between-group
comparisons were also non-significant (ps N 0.1).

Finally, in order to determine whether age-related differences in
the alpha power rebound are a specific marker of a differential learning
effect in aging, we conducted a linear regression analysis with as depen-
dent variable the change in alpha power rebound in the right SM1 and
as predictors the within-session gain during learning, the between-
session gain (30-min boost) and the participants' age. The change
in alpha power rebound was computed as the difference between
the first and second SMT in maximal alpha power obtained from the
1500–4000 ms time window. Two participants (1 young, 1 older
adult) were excluded from the analysis due to changes in alpha power
rebound at more than 2 standard deviations above their group mean.
Linear regression analysis revealed that age predicted best changes in
alpha power rebound after learning (t(27) = −2.32; p = 0.03), which
was not the case for the within session (t(27) = −0.55; p = 0.59) or
the between session (t(27) = 0.75; p = 0.46) gains.
ged from right (contralateral) sensorimotor gradiometers in young and older adults before
n young compared to older adults between 3000 and 3500 ms (p b 0.05). B. Event-related
otor gradiometers in young and older adults before (light gray curve) and after (dark gray
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Fig. 5. Source reconstruction at the group level for themaximalmu-alpha (9/10/11 Hz, in blue) andmu-beta (18/20/22 Hz, in red) power increase in young (upper panel) and older subjects
(lower panel). The figure illustrates the same 3 axial slices (z = 63, 53 and 46 mm in MNI space) for the young and older groups. The white arrows* represent the central sulcus.
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Source reconstruction
Fig. 5 shows the sources of the mu-beta and the mu-alpha rebound

in young and older adults separately. Mu-beta is located in the
precentral gyrus (anterior to the central sulcus) andmu-alpha is located
in the postcentral gyrus (posterior to the central sulcus). Similar locali-
zations are evidenced in young and older subjects for both frequency
bands.

Additional FTT (behavioral-only session)

A repeated measures ANOVA conducted on the number of correctly
generated chunks during learning (Fig. 6) revealed a group effect
(F(1,24) = 5.93, p b 0.05) and a learning effect (F(1,24) = 54.48,
p b 0.001) but no group by learning interaction (F(1,24) = 0.77,
p = 0.39) effect. The group effect indicated that older adults generated
Fig. 6. Finger Tapping task performance during a behavioral-only session in additional
young and older samples. Values are number of correctly generated 3-element chunks
per 30-second block during training and retest after 30 min.
fewer chunks than young adults within the 30-second execution time
at each trial, which indicates that they were globally slower to generate
the sequence. Between session effects, aimed at investigating the boost
of performance after 30 min, disclosed a group (F(1,24) = 10.34,
p b 0.01) and a group by session interaction (F(1,24) = 5.46,
p b 0.05) effects, but no effect of session (F(1,24) = 2.11, p = 0.16).
Tukey's post-hoc tests revealed that performance improved at the
30 min retest as compared to the end of learning in young adults
(p b 0.05), but remained stable in older participants (p N 0.7), suggest-
ing an age-dependent attenuation of the boost phenomenon in the FTT.

Discussion

The present MEG study aimed at investigating howmotor sequence
learning modulates plasticity markers, i.e. sensorimotor mu rhythms in
the alpha and beta frequency bandsduring the execution of simple hand
movements, and how this experience-dependent modulation is modi-
fied with aging.

At the behavioral level in the context of theMEG protocol, the Finger
Tapping Task (FTT) was performed faster at retest than at the end of
the learning session, indicating an offline boost in performance when
considering all participants. However, no differences in performance
were observed between young and older adults for this effect. The
Simple Movement task (SMT) taking place immediately before the
FTT retest did not cancel the boost effect considering all participants
but might have attenuated the differences between young and older
adults in the boost effect. In our complementary behavioral experiment
(in which no intermediate motor task was performed between the
learning and retest FTT phases), we replicated the previously observed
transient boost of performance (Albouy et al., 2006; Hotermans et al.,
2006, 2008; Schmitz et al., 2009) in young but not in older participants.
Therefore, a likely explanation for a lack of age-related behavioral differ-
ences in the boost effect in the context of the MEG protocol is that the
transient and non-specific motor enhancement featuring the boost
effect has taken place already during the SMT performed immediately
before the FTT retest, at which time it was already exhausted, hence re-
ducing the size of any potential motor skill improvement. Supporting
this hypothesis, Hotermans et al. (2008) showed that TMS applied
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over M1 immediately after learning and before retesting the FTT motor
sequence masked the behavioral expression of the boost effect. Consid-
ering that transient post-learning motor improvement (i.e. a boost
effect) reflects the initiation of functional reorganization processes
in M1, the post-FTT learning SMT session took place within the
5–30 min during which the boost effect is expressed (Albouy et al.,
2006; Hotermans et al., 2006, 2008; Schmitz et al., 2009). Excitability
levels in M1 might have been exhausted by the simple hand move-
ments' repetition during the SMT, eventually preventing the differential
expression of the boost of performance in younger and older adults. The
latter effect was foundwhen not using the SMT task. Accordingly, when
participants did not have to perform simple movements immediately
before FTT retest, young adults improved performance after a 30-
minute breakwhereas older adultsmerely stabilized their performance.
Noticeably, another difference between our MEG and behavioral-only
protocols is that in the latter case, participants had the opportunity
to produce as much sequences as possible during twelve 30-second
blocks. In the MEG protocol, they had to reproduce as fast as possible
the sequence twice every 10 s. Nonetheless, our results show that
even without these constraints during learning, older participants
cannot improve performance at retest, like their young counterparts.
Altogether, our behavioral data suggest reduced motor plasticity with
aging, in line with our MEG finding of an attenuated rebound of the
mu rhythms.

A progressive attenuation of alpha desynchronization during the
course of continuous (~30 s) handmovementsmight result from habit-
uation processes in the somatosensory cortex (Erbil and Ungan, 2007).
Likewise, the amplitude of the movement-related cortical potentials
is attenuated during the course of simple repetitive button presses
(Dirnberger et al., 2004). In the present MEG study, we found that
beta desynchronization in the left SM1 is attenuated after learning in
older participants. Such decrease in the ERD amplitudemight be related
to movement repetition more than to plastic changes associated with
previous motor learning. In young participants however, the post-
movement rebound was enhanced after motor sequence learning, in
both the alpha and beta bands in the right SM1 and in the beta band
in the left SM1. This enhancement is in line with a previous report
evidencing enhanced event-related beta modulation associated with
motor learning (Boonstra et al., 2007). However, our findings did not
evidence a stronger decrease in the mu-alpha or the mu-beta power
as showed in previous studies on motor learning (Andres et al., 1999;
Freyer et al., 2013; Zhuang et al., 1997). Mu rebound is suggested to
reflect an active immobilization or inhibition in SM1 (e.g. Klimesch
et al., 2007; Salmelin et al., 1995). It was shown previously that inhibi-
tory rebound is proportional to prior activation levels in M1 (Schuch
et al., 2010). Since M1 is specifically activated during the first minutes
(Hotermans et al., 2008) or hours (Robertson et al., 2005) following
motor learning, the immediately preceding sequence learning experi-
ences during the FTT might be responsible for a stronger rebound of
the sensorimotormu rhythms in young adults. In this respect, increased
inhibitory control might facilitate practice-dependent plasticity in M1.
Indeed, decreased inhibition is surmised to be related to a decline in
Long-Term Depression (LTD) plasticity (Todd et al., 2010). Additional
results indicate thatmotor skill learningprevents the subsequent induc-
tion of Long-term Potentiation-like (LTP) plasticity but enhances LTD-
like plasticity (Ziemann et al., 2004). LTP and LTD are two major
mechanisms of learning-induced cortical plasticity. Indeed, LTP in-
creases synaptic connections during learning, facilitating memory stor-
age. Conversely, LTD serves as a homeostatic mechanism dampening
memory traces by weakening synaptic connections to avoid synaptic
saturation following learning (Cooke and Bliss, 2006; Malleret et al.,
2010). An alternative explanation comes from the “status quo” hypoth-
esis (Engel and Fries, 2010) and from the hypothesis supporting that
post-movement rebound refers to cortical stabilization in M1 (Caetano
et al., 2007). In this perspective, the need of higher mu rebound follow-
ing learning in young adultswould suggest that post-movement cortical
stabilization in M1 (Caetano et al., 2007) and/or themaintenance of the
simple movement (Engel and Fries, 2010) is more difficult after repeti-
tive sequence learning. This explanatory scheme would support the
hypothesis that M1 reorganization is responsible for the following
offline motor boost of performance (Hotermans et al., 2008). Addition-
ally, post-learning modulation of mu rhythms during the execution of
simple hand movements is in favor of the proposal that the offline
motor boost effect is non-specific, therefore independent of the learned
sequence (Schmitz et al., 2009).

Our regression analyses evidenced age-related post-motor learning
changes in themu-alpha power rebound, although no behavioral differ-
ences could be evidenced in the MEG protocol. As discussed above,
results of our complementary behavioral FTT study suggest that the
attenuation of the boost effect in the MEG protocol is likely due to
movement repetition immediately before FTT retest, explaining the
lack of direct relationship between neurophysiological and behavioral
data. Therefore, in addition to the association between age and changes
in alphapower rebound,we propose that priormotor sequence learning
enhances post-movement mu rhythms rebound during a simple motor
task in young participants, a post-trainingmodulatory effect that disap-
pear with age. A lack of increased rebound following learning in older
participants is consistent with evidence for diminished inhibitory
responses to rTMS applied over M1 in older adults (Todd et al., 2010),
suggesting reduced LTD synaptic changes in the aging brain. Likewise,
tactile afferent stimulation reduces intracortical inhibition in M1 in
young but not in older participants (Smith et al., 2011). According to
the authors, this loss of modulation may lead to a decline of fine move-
ment control and practice-induced plasticity. In ourMEG study, learning
did notmodulate the post-movement rebound in the older group. How-
ever, rebounds in the alpha and beta bands were as high as the post-
learning rebound of young subjects in both SMT sessions. It suggests
that a stronger motor inhibitory control might be necessary in aging
during the execution of the same motor task than in young subjects.
Accordingly, prior studies have reported greater alpha and beta power
in sensorimotor regions with aging during the execution of a motor
task (Sailer et al., 2000), associated with greater activation in some re-
gions or with the recruitment of additional areas allowing to perform
aswell as young subjects, e.g. cerebellum, premotor area, prefrontal cor-
tex, caudate nucleus (Sailer et al., 2000; Wu and Hallett, 2005). Recent
studies showed that both beta ERD and ERS are sensitive to develop-
mental changes. Children exhibit less post-movement beta rebound
than adults, suggesting that this reduced motor inhibition might facili-
tate motor plasticity and learning in children (Gaetz et al., 2010).
More recently, Rossiter et al. (2014) evidenced a higher beta ERD during
movement in older participants compared to young adults. According to
the authors, this enhanced ERD reflects increased intracortical inhibi-
tion which may reduce task-dependent plasticity in aging. In line with
these studies, we assume that the higher baseline cortical inhibition
for the alpha band in older adults in comparison to the young adults
(t(27) = −2.098, p b 0.05) might prevent the modulation of the re-
bound following motor learning in older adults.

Finally, we found that differences in the amplitude of the rebound
between groups were significant in the alpha but not in the beta fre-
quency. Dissociation of source locations as well as the different timing
of the rebounds for mu-alpha and mu-beta suggest that they may in-
volve distinct functional networks (Hari and Salmelin, 1997). In line
with this study, our source reconstruction indicates that the mu-alpha
is localized in the postcentral gyrus (i.e. somatosensory cortex) and
the mu-beta in the precentral gyrus (i.e. motor cortex). This suggests
that the mu-alpha is responsible for somatosensory processes and the
mu-beta for motor functions. In the present study, the two motor
tasks (SMT and FTT) featured a tactile stimulation of the fingertips
(while pressing buttonswith the left fingers). Sensory inputs are impor-
tant to optimize motor control (Smith et al., 2011), and cortical reorga-
nization in the somatosensory cortex can take place following training.
Indeed, the representation of left hand fingers is larger in string players
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than in controls, and more pronounced in people who began to play
younger (Elbert et al., 1995). Therefore, we surmise that previous
motor sequence trainingmayhavemodifiedfingers bottom-up somato-
sensory information processing in young participants, possibly contrib-
uting to the boost of performance.

Conclusions

To sum up, the present study confirms the reproducibility of the
boost effect, and evidences using MEG a post-learning modulation
in SM1, in agreement with the proposal that the boost represents a
“temporary activated state of motor memory” (Hotermans et al., 2006)
that can modulate mu rhythms during the execution of simple move-
ments unrelated to the previously learned motor sequence. Moreover,
we found evidence for larger cortical reorganization following learning
in young than in older participants. Altogether, our findings are consis-
tentwith the hypothesis of an age-related decline in the capacity of SM1
to undergo dynamic plastic changes (e.g., Freitas et al., 2011; Rogasch
et al., 2009; Smith et al., 2011; Todd et al., 2010).
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