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Abstract
Cognition involves coordinated activity across distributed neuronal net-

works. Neuronal activity during learning triggers cortical plasticity that
allows for reorganization of the neuronal network and integration of new in-
formation. Animal studies have shown post-learning reactivation of learning-
elicited neuronal network activity during subsequent sleep, supporting con-
solidation of the reorganization. However, no previous studies have demon-
strated reactivation of specific learning-elicited distributed network activ-
ity during sleep in humans. We here show reactivation of learning-induced
long-range synchronization of magnetoencephalography (MEG) power fluc-
tuations in human sleep. Visuomotor learning elicited a specific profile of
long-range cortico-cortical synchronization of slow (0.1 Hz) fluctuations in
beta band (12–30 Hz) power. The parieto-occipital part of this synchroniza-
tion profile reappeared in delta band (1–3.5 Hz) power fluctuations during
subsequent sleep, but not during the intervening wakefulness period. In-
dividual differences in the reactivated synchronization predicted post-sleep
performance improvement. The pre-sleep resting-state synchronization pro-
file was not reactivated during sleep. The findings are, to our knowledge,
the first demonstration of (I) reactivation of specific long-range coordinated
neuronal activity in humans and (II) reactivation of coupling of infra-slow
fluctuations in oscillatory power. The spatiotemporal profile of delta power
fluctuations during sleep may subserve memory consolidation by echoing
coordinated activation elicited by prior learning.
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Introduction

Behavior and cognition require the in-
tegration of multiple sources of infor-
mation. Because the brain is function-
ally specialized, this integration can only
arise through interregional communica-
tion (Varela et al., 2001). Synchro-
nization of oscillatory activity over long
ranges has been proposed to support such
communication (Jensen et al., 2007; Palva
and Palva, 2012a,b; Senkowski et al.,
2008). The coactivation of neuronal en-
sembles through oscillatory synchroniza-
tion could strengthen their connections
and induce Hebbian-like learning (Co-
hen et al., 2011). Sleep has been pro-
posed as a suitable time window for un-
perturbed reactivation of long-range syn-
chronization and thus promotes the con-
solidation of distributed memory traces.
In support of this hypothesis, numerous
animal studies have demonstrated reac-
tivation of task-induced synchronization
of neuronal activity during subsequent
sleep, both within and between brain ar-
eas (Dave and Margoliash, 2000; Hoffman
and McNaughton, 2002a; Ji and Wilson,
2007; Johnson et al., 2010; Peyrache et al.,
2009; Wilson and McNaughton, 1994).

Even though such reactivation of
learning-elicited long-range synchroniza-
tion during sleep is commonly regarded
as a key mechanism underlying the favor-
able effect of sleep on learning in humans,
there is little experimental support for its
existence in humans. Learning-induced
regional brain activation elicits the same
regions to show, during subsequent sleep,
higher electroencephalography (EEG) os-
cillatory power in the delta band (1–4 Hz)
(Huber et al., 2004; Kattler et al., 1994)
and enhanced blood oxygen level depen-
dent (BOLD) activity in the functional
Magnetic Resonance Imaging (fMRI) sig-
nal (Peigneux et al., 2004). However,
these studies did not address whether cou-

pling of activation over distant brain ar-
eas reoccurred during subsequent sleep.
Learning was also shown to enhance co-
herence between distant EEG electrodes
during subsequent sleep (Cantero et al.,
2002; Mölle et al., 2004), but these stud-
ies did not disambiguate whether there
was a non-specific generalized increase in
coherence or, as required to support the
hypothesis, a specific spatial profile of
increased coherence mirroring the long-
range synchronization that was induced
by the task.

Because coordinated reactivation of
learning-induced long-range synchroniza-
tion of distributed neuronal ensembles is
a key assumption of most current models
of sleep-related memory consolidation, we
considered it important to find a way to
support its existence and to allow for its
further study in humans. In healthy vol-
unteers, it is not possible to make use of
the multiple-tetrode recordings that have
so successfully been used to demonstrate
it in animals.

One of the paradigms that have suc-
cessfully been used to study long-range
synchronization of oscillatory activity in
humans makes use of visuomotor tasks.
These tasks reliably elicit interregional
synchronization, prominently in the beta
frequency range (12–30 Hz) (Babiloni et
al., 2006; Bassett et al., 2006; Classen
et al., 1998; Kilner et al., 2004; Roelf-
sema et al., 1997; Witham et al., 2011).
Of the different methods to quantify
long-range synchronization, power-power
correlations (PPCs) (Bruns, 2004; de
Pasquale et al., 2010; Hipp et al., 2012;
Quilichini et al., 2010; Volgushev et al.,
2011) have appeared to be more ro-
bust than phase-based measures, such as
phase-locked index and coherence, espe-
cially for infra-slow fluctuations (Brookes
et al., 2011; de Pasquale et al., 2010), for
analysis across frequency bands (Maza-
heri et al., 2010, 2009) and in the presence
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Figure 5.1: magnetoencephalography (MEG) signal was acquired with 151 axial gradiometers while par-
ticipants performed either the mirror-tracing (mirror-tracing (MT)) task or the task control condition, a
face-name association (face-name association (FNA)) task, and were subsequently asked to sleep while
remaining in supine position for 80 minutes. Analyses were performed over the duration of the tasks, over
the first 15 minutes of wakefulness and over the first 15 minutes after the onset of non-rapid eye move-
ment (NREM) stage 2 sleep. In a counter-balanced order, the procedure was repeated for the other task
after 7 days. The numbers in italics indicate the periods that were analyzed: t1 was the mirror-tracing
task, r2 was the resting state baseline of the MT task, t2 was the face-name association task, w1 and
w2 were the periods of wakefulness following the MT task and the FNA task respectively, and s1 and s2
were the sleep periods following the MT task and the FNA task respectively.

of bidirectional coupling with variable
phase relationship (Bruns et al., 2000).

Given these considerations, we here
applied a visuomotor task to induce long-
range synchronization, quantified the spe-
cific spatial profile of power-power cor-
relations in MEG oscillations and evalu-
ated whether this profile of power-power
correlations was reactivated during sub-
sequent sleep. The approach yielded, to
our knowledge, the first demonstration of
reactivation of specific, learning-induced,
long-range oscillatory coupling of oscilla-
tions during sleep in humans.

Methods

Participants
Twelve healthy participants (six male, age
range 19–27 years; eleven right-handed),
with normal or corrected-to-normal vision
and no history of neurological disorder,
took part in this study after given writ-
ten informed consent. The protocol was
according to the Declaration of Helsinki

and was approved by the medical ethics
committee of the VU University Medical
Center, Amsterdam, the Netherlands.

Procedure

Participants were instructed to restrict
their sleep to a maximum of five hours the
night before each session in order to facil-
itate sleep during early afternoon MEG
recordings. During the experiment, they
lay in a supine position. Head movements
were restrained by foam pads. Brain
activity was continuously recorded using
MEG while participants performed a MT
task, based on previous findings (Balslev
et al., 2004; Milner, 1962). Periods of
tracing were interleaved with periods of
rest to obtain a wake resting-state base-
line control period within the same time-
frame as the MT task. Afterwards, par-
ticipants were given a period of up to
80 minutes for resting wakefulness and
sleep (Fig. 5.1). The MT task was re-
peated after the sleep period to assess
whether individual differences in perfor-
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Table Screen

5s 15s

Baseline Control Tracing / Mirror-Tracing

Figure 5.2: The task of interest was the mirror-
tracing (MT) task: Participants had to trace the
outline of a projected circle as fast and accurately
as possible by moving a pen on a graphics tablet
to control the position of a projected dot. In half
of the trials the location of the dot was mirrored
about the y-axis. Participants were asked to rest
during 5 s baseline periods alternating with tracing.
This period was subsequently used to test that the
activation was specific to task execution and was
not present during the baseline resting state control
condition.

mance changes were associated with in-
dividual differences in brain activity. On
a different day, in counterbalanced order,
participants performed a control task, the
FNA task, again followed by a period of
resting wakefulness and sleep. Stimuli
were presented using E-Prime ® 1.1 (Psy-
chology Software Tools, Pittsburgh, PA).

Mirror-Tracing Task and Rest-
ing State Baseline
During the MT task, participants used
their left hand to move a pen on a digitiz-
ing tablet to control the location of a dot
projected on the screen (Fig. 5.2). They
were instructed to move the dot along
the outline of a projected circle as accu-
rately and as fast as possible. The task
included 5 blocks of 12 trials, each trial
consisting of 5 s of resting baseline and
10 s of tracing. Trials alternated between
normal tracing and mirror-tracing, dur-

ing which the coordinates of the dot rela-
tive to the pen location on the tablet were
mirrored about the vertical axis. Because
it was performed with the non-dominant
hand, the MT task was highly engaging
and demanding, and the challenges as-
sociated with a successful task execution
were expected to induce motor learning
for both the normal and mirror tracing.
All 10 s tracing periods were aggregated
to determine the long-range synchroniza-
tion specifically elicited by the task while
all 5 s periods in between were aggregated
to provide a resting baseline control pe-
riod within the same timeframe.

Control Task

The topographic profile of long-range syn-
chronization of power fluctuations that
was specifically elicited by the MT task,
i. e. not general to the performance of
any task, was obtained by comparing it
with the profile elicited by a similarly de-
manding task known to involve different
cortical areas. To accomplish this, par-
ticipants performed a FNA control task
(Fig. 5.3) on a different day, in balanced
order. The FNA task consisted of al-
ternating phases of learning and recall
(Takashima et al., 2006; Zeineh et al.,
2003). During the learning phase, one
of the 34 faces appeared on the screen
for 5 seconds, followed by an audio re-
play of three recorded names and after
5 more seconds, an auditory cue (‘one’,
‘two’ or ‘three’) indicating which of the
three names should be remembered. Dur-
ing the recall phase, the faces were pre-
sented one by one, and participants had
to state the associated name. A selective
reminding procedure was used to maxi-
mize memory encoding (Buschke, 1973):
the subsequent learning phases presented
only those face-name associations that
were not remembered during the previ-
ous recall phase, until all associations had
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Encoding

Anna

Lisa

Julia

one

5s 7s 8s 9s 14s15s

Recall

Anna

5s 10s 15s

Figure 5.3: The task control condition was the face-name association (FNA) task: During the encoding
phase, participants observed 34 faces, each presented for five seconds. Two seconds after the disappear-
ance of each face, three possible names and finally the number (1, 2, or 3) of the name to be remembered
were given. During the recall phase, participants had to name each presented face.

once been recalled correctly.

MEG Recording and Prepro-
cessing
During all periods of task performance,
baseline resting state, subsequent wake,
and sleep, MEG signals were recorded
with a whole-head 151-sensor axial gra-
diometer system (CTF Systems Inc., Port
Coquitlam, Canada) in a magnetically
shielded room. Data were low-pass fil-
tered (anti-aliasing filter cutoff at 80 Hz),
sampled at 250 Hz, and stored digitally
for off-line data analysis. MEG data were
quantitatively analyzed using FieldTrip
(Oostenveld et al., 2011), a toolbox for
the analysis of electrophysiological data
based on Matlab 7.9 (MathWorks, Nat-
ick, MA). Major artifacts (e. g. due to
movement) were rejected manually, and
independent component analysis was used
to remove artifact-related components re-
sulting from heart beats, eye movements,
and eye blinks (Jung et al., 2000). MEG
recordings during the sleep opportunity
window were also subjected to qualitative
sleep stage scoring according to standard
criteria (Rechtschaffen and Kales, 1968),
performed by a qualified sleep clinician
based on the MEG traces.

Overview of Analysis Proce-
dures

We here explain the analysis procedures
applied to investigate reactivation of task-
elicited long-range coupling during sub-
sequent resting wakefulness and sleep.
First, power-power correlations were cal-
culated between all sensor pairs to quan-
tify the profile of synchronization of slow
fluctuations in power. This procedure
was performed to obtain, for each par-
ticipant, seven separate profiles of power-
power correlations, i. e. for (t1 ) the MT
task; (r1 ) resting-state control baseline
within the same timeframe of the MT
task; (w1 ) post-MT wakefulness; (s1 )
post-MT sleep; (t2 ) FNA task; (w2 ) post-
FNA wakefulness; (s2 ) post-FNA sleep
(Fig. 5.1). Second, based on the statisti-
cal parameter mapping of t-statistics, sen-
sor pairs were identified with high power-
power correlations expressed consistently
over subjects selectively during one of
these seven periods (e.g. MT task) but
not during a corresponding reference pe-
riod (e.g. FNA task). This procedure was
applied to obtain the profiles of synchro-
nization that were specific and consistent
to (I) MT task versus FNA task (t1 > t2
selected pairs); (II) resting state control
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baseline within the same timeframe of the
MT task versus FNA task (r1 > t2 se-
lected pairs); (III) post-MT wakefulness
versus post-FNA wakefulness (w1 > w2
selected pairs); (IV) post-MT sleep versus
post-FNA sleep (s1 > s2 selected pairs).

Third, using non-parametric permuta-
tion analysis, we evaluated whether the
sensor pairs with consistent high power-
power correlations specific to the MT task
(t1 > t2 selected pairs), were represented
beyond chance level in the sensor pairs
with consistent high power-power corre-
lations specific to the post-MT sleep pe-
riod (s1 > s2 selected pairs). The null
hypothesis was the independence of the
t1 > t2 selected pairs and the s1 > s2
selected pairs.

The same approach was followed to
evaluate overlap between sensor pairs
that show consistent high power-power
correlations specifically during the MT
task (t1 > t2 selected pairs) and those
that show consistent high power-power
correlations specifically during the post-
MT wake period (w1 > w2 selected
pairs). The null hypothesis was then in-
dependence of the t1 > t2 selection and
the w1 > w2 selected pairs. In addition,
we tested whether the coupling and re-
coupling were specific to sleep or could be
secondary to the mere passage of time,
and therefore prevalent during sleep, but
not yet during pre-sleep wakefulness.

A final permutation analysis evaluated
possible confounds of reactivation dur-
ing sleep of non-specific prior synchro-
nization, i. e. not related to the actual
learning of mirror tracing. The analysis
furthermore evaluated whether the cou-
pling observed in the t1 > t2 contrast
was the result of increased coupling dur-
ing the MT task rather than the result of
a decrease in coupling during the control
task. This analysis evaluated whether the
sensor pairs with consistent high power-
power correlations specific to the rest-

ing state control baseline within the same
timeframe of the MT task (r1 > t2 se-
lected pairs) exceeded chance level in the
sensor pairs with consistent high power-
power correlations specific to the post-
MT sleep period (s1 > s2 selected pairs).
The null hypothesis was the independence
of the r1 > t2 selected pairs and the
s1 > s2 selected pairs.

Fourth, two approaches were taken to
characterize the topography and underly-
ing sources of the sensor pairs found to
be reactivated in the analyses described
above. The first approach investigated
the degree of clustering in the spatial pro-
file of the reactivated pairs at the sen-
sor level. The second approach aimed to
identify coupling between underlying cor-
tical areas by application of independent
component analysis and source localiza-
tion. This approach investigated whether
indeed coupling and re-coupling of inde-
pendent cortical sources could underlie
the coupling and re-coupling of sensor-
pair clusters.

Finally, we evaluated the functional
relevance of the coupling and re-coupling
to the individual differences in the im-
provement of task performance over the
sleep period. The analysis procedures will
be explained in detail below.

Beta Band Power-Power Cor-
relations During MT Task and
FNA Task
Long-range synchronization of slow fluc-
tuations in the power of oscillations
within specific frequency bands was cal-
culated using PPC. MEG signals were
divided in segments of 10 s, based on
de Pasquale et al. (2010) and Liu et al.
(2010). A Hanning taper was applied to
each segment in order to avoid an edge
artifact. For each segment, the power
spectrum was computed with the func-
tion fft in Matlab and averaged over
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the beta band (12–30 Hz), because vi-
suomotor tasks reliably induce long-range
coupling synchronization prominently in
the beta frequency range (Babiloni et al.,
2006; Bassett et al., 2006; Brovelli et al.,
2004; Classen et al., 1998; Kilner et al.,
2004; Witham et al., 2011). Application
of the planar gradient enhances the inter-
pretation of the topography because the
maximal signal on the computed planar
gradient is above the sources that gener-
ate it (Hämäläinen and Ilmoniemi, 1993).
The power spectrum at each sensor was
computed by summing the power spec-
tra of the horizontal and vertical compo-
nents of the planar gradient which were
estimated from the magnetic fields of the
axial sensor and its neighboring sensors
(Bastiaansen and Knösche, 2000). This
procedure generates virtual planar sen-
sors from the original axial sensors; for
convenience, we will refer to the virtual
planar sensors simply as sensors. Com-
puting the Pearson’s correlation of the
power spectra between pairs of planar
sensors resulted, for each subject and for
both the MT task and the FNA task, in
an N by M matrix, where N is the num-
ber of channels and M is the number of
10 s segments. For each matrix, corre-
lation coefficients between channels were
calculated to quantify the association be-
tween their slow fluctuations in power. Of
the resulting symmetric N by N matrix
of beta band PPC coefficients between
all sensor pairs, the upper triangular part
was used for further analysis and will be
referred to as Ti,j where i is the subject
index and j the index of the task (MT
and FNA tasks) (Fig. 5.4 and Fig. 5.5).

Selection of Power-Power Cor-
relations Specific to the MT
Task vs. FNA Task
We subsequently identified the sensor
pairs that, consistent over subjects,

low

high

Power-power
correlation

60s

Ch 9

Ch 1

Ch10

Ch 1

MEG signal Beta power

Figure 5.4: Selection of sensor pairs with MT task-
specific power-power correlation. For each subject
and task, the power spectral density of the planar
gradient in the beta band (12–30 Hz) was calcu-
lated in 10 s epochs (de Pasquale et al., 2010), re-
sulting in time series of power fluctuations. For
illustration purposes, the MEG signal is already
band-pass filtered in the beta band. Correlations
between power fluctuations PPC of two sensors can
be high (e. g. between channel 1 and channel 10)
or low (e. g. between channel 1 and channel 9).

showed the most specific high correlations
during the MT task (t1 ) as compared to
the FNA task control condition (t2 ). For
each sensor pair(n,n) of the T matrix, we
calculated a paired t-statistic by compar-
ing Ti,1 (the beta band PPC values for
the MT task) against Ti,2 (the beta band
PPC values for the FNA task control con-
dition), as shown in Fig. 5.5. A high
t-statistic indicates that the sensor pair
shows a consistently higher PPC across
participants during the MT task relative
to the FNA task control condition. We
then selected the sensor pairs with the
highest 5% t-statistics to represent the
t1 > t2 selection of pairs between which
the beta band power fluctuations corre-
lated most specifically and consistently
during the MT task (Fig. 5.6). This com-
parative procedure enables the detection
of task-selective long-range coupling, be-
cause it eliminates spuriously high cor-
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Figure 5.5: Selection of the sensor pairs that corre-
lated most specifically and consistently across sub-
jects during the MT task (t1) by comparison with
the task control condition (t2), as quantified using
within-subject paired t-statistics. The higher the t-
statistics, the more specific and consistent the sen-
sor pair shows correlated power fluctuations during
the MT Task (t1 > t2). The PPC coefficients are
stored in the Ti,j matrix, where i is the subject
index and j is the task index.

relations due to sensor proximity and
volume-conduction, for which both tasks
are equally sensitive.

Selection of Power-Power Cor-
relations Specific to Post-MT
Wake and Sleep
We followed the same procedure as de-
scribed in the two paragraphs above to
independently define the sensor pairs that
were most strongly and consistently cor-
related during the post-MT wake ver-
sus post-FNA wake periods, and once
more to define the sensor pairs that were
most selectively and consistently corre-
lated during the post-MT sleep versus
post-FNA sleep periods. For the post-
task wake and sleep periods, selective cou-
pling was evaluated in frequency bands se-
lected a priori, based on consistent find-
ings in the literature: not only in the beta
band, but also in the slow oscillation (0.5–
1 Hz), delta (1–3.5 Hz), and sigma (where
sleep spindle activity is concentrated: 11–
17 Hz) bands. Slow oscillations and delta

activity are the most characteristic sig-
nature of NREM sleep (Achermann and
Borbély, 1997; Amzica and Steriade, 1995,
1998; Steriade and McCarley, 2005) and
are thought to facilitate memory consoli-
dation (Diekelmann and Born, 2010; Poe
et al., 2010; Van Der Werf et al., 2009).
Sleep spindles might play a similar role in
memory consolidation (De Gennaro and
Ferrara, 2003; Fogel and Smith, 2011)
by boosting interregional synchronization
(Andrillon et al., 2011; Bonjean et al.,
2012; Mölle et al., 2004).

Statistical Analysis of Reac-
tivation of Task-Specific Con-
nections During Sleep
The hypothesis that task-elicited long-
range coupling was reactivated during
subsequent sleep was evaluated by test-
ing whether the sensor pairs identified to
show high beta PPC specifically and con-
sistently elicited by the MT task of inter-
est versus the control FNA task (t1 > t2
selected pairs), were represented above
chance among the sensor pairs identified
to show high PPC specifically and consis-
tently during post-MT sleep versus post-
FNA sleep (s1 > s2 selected pairs). Sim-
ilarly to the procedure described above to
select the t1 > t2 pairs from the matri-
ces Ti,j , we selected the s1 > s2 pairs
from the matrices Si,j , where Si,1 are the
PPC values for the post-MT sleep and
Si,2 are the PPC values for the post-FNA
sleep. The hypothesis of reactivation of
MT task-induced long-range coupling of
power fluctuations was formally tested us-
ing a non-parametric permutation anal-
ysis on the amount of overlap between
the MT-task specific sensor pairs and the
post-MT sleep specific sensor pairs.

The post-MT sleep-specific sensor
pairs for each individual were defined by
comparing the person’s post-MT period
versus post-FNA period PPC matrices.
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Figure 5.6: Selection of sensor pairs with MT task-
specific power-power correlation. Distribution of
the t-statistics over all sensor pairs, obtained by
comparing the two tasks (mean = −1.12, s. d. =
0.87). Sensor pairs with t-statistics that lie in the
upper 1% (red) and 5% (orange) of the distribution
are most specifically correlated during the MT task
(t1 > t2 selected pairs). Fig. 5.7A shows their po-
sitions onto a topographical projection of the head.
The same procedure was followed to determine the
sensor pairs with the most specific post-MT versus
post-FNA wake PPC (w1 > w2 selected pairs) and
post-MT versus post-FNA sleep PPC (s1 > s2 se-
lected pairs) in the frequency bands of beta, slow
oscillation (0.5–1 Hz), delta (1–3.5 Hz) or sigma
band (11–17 Hz).

An N by N PPC matrix, called Si,j , was
calculated for each subject i and for the
two conditions j (s1 = post-MT sleep
and s2 = post-FNA sleep). Similarly to
the matrix T mentioned above, the ma-
trix S was constructed from the PPC
values during the post-task sleep peri-
ods. If there was no task-induced re-
activation of the coupling in the post-
MT sleep period, then the labeling of
the post-MT sleep or post-FNA sleep
would be arbitrary and therefore the ma-
trices Si,1 and Si,2 completely exchange-
able (Nichols and Holmes, 2002). The al-
ternative hypothesis was that the topog-
raphy of sensor pairs specific to the post-
MT sleep was above-chance similar to, i.
e. overlapped with, the topography spe-
cific to the MT task. In a permutation
approach to obtain a reference distribu-
tion to test for significance of the number
of co-occurring pairs, the labels (post-MT
sleep vs post-FNA sleep) of Si,1 and Si,2

were systematically swapped for each i
subject to create a surrogate topography,
and for each permutation we computed
the amount of overlap between the MT-
task specific sensor pairs and the sensor
pairs obtained from the surrogate topog-
raphy of the post-task sleep. Based on
the amount of overlap between the MT-
task specific sensor pairs and the surro-
gate topographies, we constructed a ref-
erence distribution of the number of over-
lapping sensor pairs. The amount of ac-
tual overlap between the MT-task spe-
cific sensor pairs and the observed post-
MT sleep specific sensor pairs was tested
against this reference distribution. Swap-
ping the two conditions (post-MT sleep
and post-FNA sleep) within eight sub-
jects yielded 256 possible permutations.
This approach resulted in a reference dis-
tribution for the probability of any num-
ber of re-coupling of sensor pairs to occur
in the post-MT sleep period. Results were
considered significant when the observed
number of overlapping sensor pairs, which
is the overlap of t1 > t2 selected pairs
with s1 > s2 selected pairs, exceeded 95%
of the reference distribution.

Reactivation of Task-Specific
Connections During Wakeful-
ness
To investigate whether reactivation was
present during post-task wakefulness as
well, rather than specific to post-task
sleep, we first identified the sensor pairs
that showed high beta PPC specifi-
cally and consistently elicited by the
task of interest versus the control task
(t1 > t2 selected pairs). We then tested
whether they were represented above
chance among the sensor pairs identified
to show high PPC specifically and con-
sistently during post-MT wakefulness ver-
sus post-FNA wakefulness (w1 > w2 se-
lected pairs). The same procedure as ex-
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plained in the previous paragraph was ap-
plied to evaluate reactivation during sub-
sequent wakefulness (w1 > w2 selected
pairs). For this statistical analysis, in-
stead of the matrix S, we used the matrix
Wi,1 with the PPC values obtained from
the post-MT wakefulness period (w1 ) and
the matrix Wi,2 with the PPC values ob-
tained from the post-FNA wakefulness
period (w2 ). Based on the matrix T
(with the PPC values of the tasks) and
the matrixW (with the PPC values of the
wakefulness periods), we created a refer-
ence distribution and tested whether the
observed number of overlapping sensors
of the t1 > t2 selected pairs with the
w1 > w2 selected pairs exceeded 95% of
the reference distribution.

Reactivation with Passage of
Time

An ancillary analysis was performed with
the same permutation reference distribu-
tion approach as explained above to dis-
ambiguate whether the long-range reacti-
vation was specifically linked to the oc-
currence of sleep or was merely due to
the passage of time after the execution
of the task, which is on average longer
for sleep than for wakefulness. To inves-
tigate this alternative explanation, we se-
lected an equivalent 15-minute time win-
dow between 60 and 75 minutes after the
beginning of the task (indicated by * in
Fig. 5.8A). This window was chosen be-
cause the median and mean of the NREM
stage 2 midpoint after the beginning of
the task were within that range (68.3
minutes and 71.8 minutes, respectively)
and because exactly 4 participants were
asleep and 4 participants were awake.
We then tested whether the task-induced
long-range connections were reactivated
in this hybrid period, consisting of sleep
and wakefulness.

Reactivation of Resting State
Baseline Coupling

The definition of long-range synchroniza-
tion specific to the MT task was based
on the selection of the sensor pairs which
were most strongly and consistently cor-
related during the MT task (in the period
t1 ) as compared to the task control con-
dition (in the period t2 ). An ancillary
analysis was done to substantiate that
sleep reactivated synchronization specif-
ically elicited by the MT task and that
results could not be confounded by non-
specific prior synchronization or desyn-
chronization during the control task. Be-
cause the MT task consisted of periods
of 10 s of tracing or mirror-tracing task
execution alternating with periods of 5 s
of resting state baseline, we could per-
form the same analysis as before, but
in this case we used the baseline con-
trol period (i. e. the period r1 ) instead
of the MT task execution period. Ac-
cordingly, we selected the sensor pairs
that were more selectively coupled dur-
ing the baseline control period (r1 ) as
compared to the task control period (t2 ),
and tested whether the so-obtained pro-
file of synchronization, which was not
MT task-specific, was reactivated during
sleep. This hypothesis was tested follow-
ing the same procedure explained above
and evaluated whether the sensor pairs
with consistent high power-power corre-
lations specific to the resting state con-
trol baseline within the same timeframe
of the MT task (r1 > t2 selected pairs),
were represented as well beyond chance
level in the sensor pairs with consistent
high power-power correlations specific to
the post-MT sleep period (s1 > s2 se-
lected pairs). The null hypothesis here is
independence of the r1 > t2 selection and
the s1 > s2 selected pairs. As compared
to the analysis on reactivation MT-task
specific synchronization, we replaced only
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Ti,1 with the PPC values obtained from
the baseline control period (r1 ) instead
of task execution (t1 ), while the Ti,2 still
contained the PPC values from the task
control period (t2 ). The matrix S con-
tained the PPC values of the post-task
period (s1 and s2 ).

Connections Between Clusters
at the Sensor Level

After observing that task-specific long-
range synchronization is specifically reac-
tivated during sleep, we further investi-
gated the spatial localization of the con-
nections at the sensor level and at the
source level. We argued that, if the re-
activated sensor pairs reflect distant cor-
tical areas specifically activated by the
task, the pairs would not be randomly dis-
tributed but would occur between clus-
ters of sensors overlying the cortical ar-
eas involved. To investigate whether the
reactivated sensor pairs indeed occurred
in clusters, the following procedure was
applied. The sensors that were con-
nected to at least two other MT-task spe-
cific and post-MT sleep specific sensors
were considered the main nodes of the
reactivated coupling. Nodes that were
less than 4 cm apart were considered
neighboring sensors. Neighboring sen-
sors (i. e. within a distance of 4 cm
from each other) were grouped into sep-
arate clusters. The connected-component
clustering algorithm was computed with
bwlabeln in Matlab. The coupling pro-
file between clusters A and B was de-
fined as the number of reactivated sen-
sor pairs (i. e. sensor pairs that were
most strongly activated during the MT
task and most strongly reactivated during
post-MT sleep, as in Fig. 5.7B) between
the sensors in cluster A and the sensors
in cluster B.

Source Estimation
We considered that coupling between dis-
tant sensor clusters at the sensor level
does not necessarily reflect synchroniza-
tion between separate cortical areas, but
might as well result from a single source.
Only if this possibility can be excluded
and two separate sources can be demon-
strated, the conclusion of coupling of dis-
tant cortical can be supported. To ad-
dress this question, we applied indepen-
dent component analysis (ICA) to eval-
uate whether there existed two indepen-
dent sources that (I) could account for
the topography of sensor clusters and (II)
coupled their power fluctuations specif-
ically during the MT versus FNA task
(t1 > t2 ) and post-MT sleep versus post-
FNA sleep (s1 > s2 ), but not during
post-MT versus post-FNA wakefulness
(w1 > w2 ).

ICA blindly unmixes the signal mea-
sured at the sensor level into maximally
independent time series of activity of un-
derlying sources (Makeig et al., 2004).
ICA on all temporally concatenated MEG
data of both days from all the partic-
ipants should be able to identify com-
ponents with sufficient statistical inde-
pendence over the whole recording dura-
tion — including both tasks and subse-
quent wake and sleep periods — while
showing selective correlated power fluc-
tuations during both the MT task and
post-MT sleep. In this way we reproduced
the sensor level approach described above
(Brookes et al., 2011).

The criterion (I) was achieved by se-
lecting the ten components whose topog-
raphy best matched the location of one of
the two sensor clusters. For criterion (II),
we analyzed the time series of these com-
ponents using the same procedure used at
the sensor level: beta activity was calcu-
lated on the 10 s interval and we calcu-
lated power-power correlation values be-
tween the components, resulting in a C by
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C matrix of correlation coefficients, where
C is the number of components. Using a
paired t-test for each of the three com-
parisons (t1 > t2, w1 > w2, s1 > s2 ),
we identified component pairs that (I)
showed significantly high correlation of
beta power fluctuations during the MT
task as compared to the FNA task, (II)
a significantly high correlation of delta
power fluctuations during the post-MT
sleep as compared to the post-FNA sleep,
and (III) no significantly different corre-
lation of delta power fluctuations during
the post-MT wakefulness as compared to
the post-FNA wakefulness. The proba-
bility that a component pair was highly
correlated during the task period and the
sleep period, but not during the interven-
ing period of wakefulness, considering the
tests as independent, is the product of the
p-values of the t-test of MT task – FNA
task comparison (t1 > t2 ) and the t-test
of the post-MT – post-FNA sleep com-
parison (s1 > s2 ), multiplied by the in-
verse probability (1 - p-value) of the t-test
of the post-MT – post-FNA wakefulness
comparison (w1 > w2 ). The p-value be-
longing to each component is here multi-
plied by the number of all the component
pairs (10 x 10) in order to obtain a Bon-
ferroni corrected p-value.

Cortical areas that represented the
putative sources of each independent
component were estimated using a three-
shell spherical head model, based on the
MNI152 template, of which the solution
space was limited to cortical gray mat-
ter and the hippocampus. Subsequently,
sLORETA solutions were estimated from
the topographic maps and projected onto
a template brain (Pascual-Marqui, 2002).

Correlation Between Coupling
Strength and Behavioral Im-
provement

In order to investigate the functional rele-
vance of the activation and reactivation of
coupling of power fluctuations, we inves-
tigated whether individual differences in
coupling and reactivation strength of the
sensor pairs specific to both MT task and
post-MT sleep were associated with indi-
vidual differences in the performance im-
provement attained over the sleep period.
Performance on the MT task was quanti-
fied as the tracked distance averaged over
the 6 trials for normal tracing and 6 trials
for mirror tracing in each of the 5 blocks
per session. To minimize outliers, the dis-
tance tracked, originally measured in ra-
dians, was log-transformed. For the MT
task before sleep and for the MT task
after sleep separately, we used the best
block of 6 trials for each tracking direc-
tion. Changes in performance was com-
puted by summing the log of the ratio
of the best block of normal tracing after
sleep and the best block of normal trac-
ing before sleep with the log of the ratio
of the best block of mirror tracing after
sleep and the best block of mirror tracing
before sleep. A t-test was used to eval-
uate whether the change in performance
was significantly different from zero.

We then correlated the interindividual
differences in performance change with
the subject-specific coupling strength.
The coupling strength was computed by
adding the PPC coefficients during the
MT task and during the post-MT sleep
and subtracting the PPC coefficients dur-
ing the control task (FNA task) and
during the post-FNA sleep. These val-
ues were averaged over the sensor pairs
that showed significant reactivation (as in
Fig. 5.7C).
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Results
Sleep Duration
Eight out of twelve participants reached
NREM stage 2 sleep on both days and
were included in the analysis. Five par-
ticipants reached NREM stage 3-4 on
both days and only two reached rapid eye
movement (REM) sleep on both days. Ta-
ble 5.1 shows the average duration of each
sleep stage. Because only NREM stage
2 was of sufficient duration for a reliable
estimate of the PPC and we considered
eight participants the minimum number
of datapoints for our statistical proce-
dure, we limited the analyses to NREM
stage 2. On average 36.00 minutes (s.
d. 6.74) after the beginning of the MT
task, post-task wake and sleep recordings
commenced. NREM stage 2 onset was
reached on average 71.84 minutes after
the beginning of the task, with a large
interindividual variability (s. d. 22.86).
Fig. 5.8 shows the distribution of the oc-
currence of the various sleep stages over
time.

Reactivation of Task-Specific
Connections During Sleep
After having defined the sensor pairs that
showed specific and consistent high beta
band PPC during the MT task (Fig. 5.6),
we tested whether these sensor pairs were
represented above chance among the sen-
sor pairs that were independently identi-
fied to show specific and consistent high
PPC the post-MT sleep period. A non-
parametric permutation test showed that
sensor pairs with pronounced correlated
beta band power fluctuations during the
MT task (Fig. 5.7A) overlapped beyond
chance level with the sensor pairs with
pronounced correlated delta power fluc-
tuations during post-MT sleep (Fig. 5.7B
and 5.7C, p-value = 0.004). The reacti-
vation of coupling during sleep was spe-

cific for the delta band and could not be
demonstrated in the slow oscillation (p-
value = 0.29), sigma (p-value = 0.34) or
beta (p-value = 0.06) band.

No Significant Reactivation
of Task-Specific Connections
During Wakefulness
The same test was applied to evaluate
reactivation during the post-MT wake-
fulness period. Sensor pairs with pro-
nounced correlated beta band power fluc-
tuations during the MT task were not rep-
resented above chance among the sensor
pairs that were independently identified
to show specific and consistent high PPC
during post-MT wake in any frequency
band (slow oscillation band p-value =
0.47, delta band p-value = 0.94, sigma
band p-value = 0.07 and beta band p-
value = 0.08).

Significantly More Reactiva-
tion during Sleep than During
Wake
After demonstrating that MT task-
specific coupling reactivation reached sig-
nificance during subsequent sleep (pe-
riod s1 ) but not during subsequent wake-
fulness (period w1 ), we tested directly
whether the degree of reactivation of long-
range coupling during sleep was larger
than during wakefulness. This hypothesis
was tested using a similar rationale and
procedure of the permutation analysis de-
scribed above. In testing this interaction,
the null hypothesis is that the labeling of
post-MT wakefulness and post-MT sleep
is arbitrary and the coupling profiles ob-
served during post-MT wakefulness and
post-MT sleep could be swapped. There-
fore we created the reference distribution
based on the null hypothesis by swapping
the PPC matrix Bi,1 calculated during
post-MT wakefulness (periods w1 > w2 )
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Table 5.1: Summary of sleep stages for the 8 participants included in the analysis for the two conditions.
For each condition, the table reports the number of participants and the number of minutes (average ±
standard deviation) in each stage.

Stage
Awake NREM 1 NREM 2 NREM3–4 REM

Post-MT
participants 8 4 8 5 2
minutes 26.31±22.12 23.75±14.88 19.88± 4.70 27.40±19.46 20.50±20.03

Post-FNA
participants 8 6 8 7 3
minutes 25.50±19.78 15.08± 7.48 17.50±15.68 15.29±18.50 4.83±10.06

with the PPC matrix Bi,1 calculated dur-
ing post-MT sleep (periods s1 > s2 )
and calculating the amount of overlap be-
tween the MT-task specific sensor pairs
and the surrogate matrices. The observed
value of overlap between MT-task specific
sensor pairs and post-MT sleep specific
sensor pairs was compared against this
reference distribution. Sensor pairs that
were coupled in the beta band during task
execution were significantly more likely to
be coupled again in the delta band during
sleep, as compared to during wakefulness
(p-value = 0.004).

More Reactivation During
Sleep than During Wakeful-
ness is Unlikely Secondary to
Mere Passage of Time

It is important to note that the periods
of wakefulness occurred between the ex-
ecution of the task and the sleep peri-
ods. An additional analysis was therefore
performed to evaluate the possibility that
the suggested stronger reactivation dur-
ing sleep than during wakefulness could
be attributed to wake versus sleep differ-
ences in time elapsed since the onset of
the task. We assessed the amount of re-
activation occurring in a time window in
which half of the participants were asleep
and half were awake (Fig. 5.8A). The
same permutation approach as described
above was now applied on this hybrid

time window and showed no significant re-
activation of long-range synchronization
(delta band p-value = 0.18, Fig. 5.8B;
beta band p-value = 0.75). These results
strengthen the interpretation that reacti-
vation did not simply emerge with a delay
after performing the task, but was specifi-
cally promoted by the presence of NREM
sleep.

No Sleep Reactivation of Rest-
ing State Baseline Coupling

It is of importance to investigate whether
the reactivation is specific to the coupling
induced by the execution of the task and
not to coupling that is unrelated to the
task or to uncoupling in the control task.
We therefore tested whether sensor pairs
showing coupling specifically in the rest-
ing state control baseline within the same
timeframe of the MT task (r1 > t2 se-
lected pairs) were above-chance level rep-
resented in the sensor pairs showing cou-
pling specifically post-MT sleep (s1 > s2
selected pairs). Sensor pairs with pro-
nounced correlated beta band power fluc-
tuations during the resting state con-
trol baseline period were not represented
above chance among the sensor pairs that
were independently identified to show
post-MT sleep-specific high PPC in the
delta band (p-value = 0.41).
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Figure 5.7: Reactivation of task-related power-power correlations during sleep. (A) Topography of the
sensor pairs with the most selective and consistent highly correlated beta band power fluctuations during
the execution of MT task as compared to the task control condition (t1 > t2 selected pairs). Black
lines and gray lines indicate the 1% and 5% most specific sensor pairs, respectively. (B) Topography of
the sensor pairs with the most selective and consistent highly correlated delta power fluctuations during
post-MT sleep but not during sleep following the control task (s1 > s2 selected pairs). (C) Topography
of the sensor pairs that show both MT task-specific correlated beta band power fluctuations (A) and
post-MT sleep-specific correlated delta power fluctuations (B). (D) A non-parametric permutation test
showed that the number of 82 overlapping sensor pairs in (C) is more than expected by chance. The
reference probability distribution was obtained by permuting the post-MT sleep and post-FNA sleep labels
and counting the number of resulting overlapping pairs for each of the 256 (= 28) permutations. The
null hypothesis could be rejected because the observed number fell in the highest 0.4 % of the reference
probability distribution (arrow, p-value < 0.004).

Clustered Rather than Ran-
domly Distributed Sensor Pair
Reactivation
The sensor pairs that showed both
MT task-specificity and post-MT sleep-

specificity were not randomly distributed
across the cortex, but appeared neatly
grouped in pairs connecting two main
clusters in the parietal and occipital cor-
tex (Fig. 5.7C). An automatic cluster-
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Figure 5.8: The sleep onset and duration of sleep stages were variable across participants and the passage
of time alone does not account for the observed long-range reactivation. (A) Duration of the wakefulness
and sleep periods for each subject, during the MT task and post-MT wakefulness and sleep. Participants
performed the task in the MEG and they were invited to fall asleep. The post-MT wakefulness includes
the first 15 minutes after the beginning of the dim-lit recordings while post-MT sleep includes the first
15 minutes after the onset of NREM stage 2. There was considerable variability in the beginning of the
recording after the task and even more variability in sleep onset time. (B) The long-range reactivation
was state-specific. The same statistical analysis on the 60–75 minute time window (indicated by * in
(A)), which is centered around the median sleep midpoint from the beginning of the task (68.3 minutes)
and includes 4 participants who were awake and 4 who were asleep, does not show significant reactivation
of long-range connection in the delta band (number of sensor pairs: 32, p-value = 0.18).

ing algorithm indeed identified two dis-
tinct clusters: one cluster consisting of
16 sensors over the left occipital cortex
and a second cluster of 9 sensors over the
right parietal cortex (Fig. 5.9A). Fifty-
four out of the reactivated 82 sensor pairs
occurred between these two clusters; 22
sensor pairs between the occipital clus-
ter and other sensors (mostly located con-
tralaterally to the parietal cortex); 2 sen-
sor pairs between the parietal cluster and
other sensors and only 4 sensor pairs did
not involve the two main clusters.

Source Estimation
Because coupling at the sensor level
does not always reflect coupling be-
tween sources, we applied ICA to eval-

uate whether we could identify two sep-
arate sources that (I) could account for
the two separate clusters at the sensor
level; (II) selectively showed beta band
power correlations during the MT task
vs FNA control task; and (III) selectively
showed delta power correlations during
post-MT sleep but not during post-MT
wake. These criteria were fulfilled by four
independent components (Fig. 5.9A). The
topographical projection of one compo-
nent (component 19) matched the topog-
raphy of the cluster over the occipital cor-
tex, whereas three components (compo-
nents 84, 8, and 22) matched the topog-
raphy of the cluster over the parietal cor-
tex. These components showed selectively
high PPC in three pairs (component pairs
19-84: corrected p-value = 0.006; 19-8:
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p-value < 0.001; 19-22: p-value = 0.002).
Their beta band power fluctuations corre-
lated significantly stronger during the MT
task than during the FNA task (compo-
nent pairs 19-84: p-value = 0.01; 19-8:
p-value = 0.01; 19-22: p-value = 0.004),
while their delta power fluctuations cor-
related significantly stronger during post-
MT sleep compared to post-FNA sleep
(component pairs 19-84: p-value = 0.01;
19-8: p-value = 0.01; 19-22: p-value =
0.01). None of these component pairs
showed higher PPC during post MT wake
as compared to post FNA wake in any
power band (all p-values > 0.18). For
each pair of components, one was local-
ized on the lateral occipital cortex and
the other on the parietal cortex (respec-
tively component 19 and 84, the most rep-
resentative component pairs, whose corti-
cal projections are shown in Fig. 5.9C).

Correlation Between Coupling
Strength and Behavioral Im-
provement
We investigated whether performance on
the MT task was improved after sleep
and whether this improvement correlated
with the coupling strength in power fluc-
tuations during task execution and sleep.
Changes in performance were measured
as the ratio in distance tracked during the
best blocks of normal tracing and mir-
ror tracing before and after sleep (Ta-
ble 5.2); this ratio was significantly larger
than zero (t-test, d. f. = 7, p-value =
0.05), indicating that participants on av-
erage improved their performance after
the sleep period.

Individual differences in the perfor-
mance improvement over sleep correlated
with the individual differences in the
strength of the specific activation and re-
activation during the task and sleep (r =
0.73, p-value = 0.04), quantified as the
average of the PPC values over the sen-

sor pairs that showed significant reactiva-
tion. The correlation was also significant
if we considered distance tracked during
the mirror-tracing period separately (r =
0.76, p-value = 0.03) but not during nor-
mal tracing (r = 0.58, p-value = 0.13).
In addition, the correlation was signifi-
cant at the source level, as the improve-
ment in performance correlated with the
strength of the coupling between one of
the three independent component pairs
(components 19-8: r = 0.81, p-value =
0.01).

Discussion
The present findings are, to our knowl-
edge, the first demonstration of reacti-
vation of specific, learning-induced, long-
range coupling of neuronal network ac-
tivity during subsequent sleep in hu-
mans. Cortical areas that coordinate
their beta power fluctuations during vi-
suomotor performance coordinate their
delta power fluctuations during subse-
quent sleep. Long-range functional con-
nectivity between distant brain areas has
been so far only reported in animal stud-
ies (Hoffman and McNaughton, 2002a;
Johnson et al., 2010). Reactivation of dis-
tributed neuronal networks is thought to
be of key importance in memory consoli-
dation, in particular for tasks that require
the integration of information from sepa-
rate systems (Dang-Vu et al., 2010), such
as the mirror-tracing task used in this ex-
periment (Fogel et al., 2007). The spa-
tiotemporal pattern of delta power fluc-
tuations in the 0.1 Hz range during sleep
contains traces of cortico-cortical cou-
pling induced by performing a task during
prior wakefulness. Coupling of oscillatory
activity has been proposed as a mech-
anism by means of which distant corti-
cal areas optimize information exchange
during wakefulness. Our findings sug-
gest that this principle could hold as well
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Figure 5.9: Estimated location of the two of the four sources that are highly coupled during the MT
task and post-MT sleep, but not during post-MT wakefulness. (A) Sensors which formed at least two
MT task-specific and post-MT sleep-specific sensor pairs, as in Fig. 5.7C, clustered in two groups. (B)
Topographic projection of the two components that selectively showed high PPC during the MT task
in the beta band (p-value = 0.01) and high PPC during post-MT sleep in the delta band (p-value =
0.01). (C) Indicative cortical sources of the two components, estimated using sLORETA. Component
19 is maximally localized on the left occipital cortex, while component 84 centers on the right parietal
cortex.

for sleep, whereas the preferred frequency
band can be state-specific.

A leading hypothesis on the role of
sleep in memory consolidation is that
it allows for unperturbed reactivation of
learning-induced memory traces by means
of long-range synchronization across dis-
tant cortical areas (Diekelmann and

Born, 2010; Hoffman and McNaughton,
2002b; Rasch and Born, 2007). How-
ever, to our knowledge, no single pre-
vious study in humans has actually
demonstrated reactivation of long-range
synchronization during sleep. Previ-
ous work using tetrodes and microelec-
trode arrays to record multiple individ-
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Table 5.2: Performance on the MT task of the best block of six trials before and after sleep (measured
in log of radians) for the individual subjects S1−8. The improvement in performance was computed by
summing the log of the ratio of the performance during normal tracing after sleep and the performance
of normal tracing before sleep with the log of the ratio of the performance of mirror tracing after sleep
and the performance of mirror tracing before sleep, i. e. log(post-sleep normal / pre-sleep normal) +
log(post-sleep mirror / pre-sleep mirror).

Participants
Tracing S1 S2 S3 S4 S5 S6 S7 S8

Pre-Sleep Normal 4.804 3.512 3.965 4.675 4.211 4.961 3.950 4.821
Mirror 5.017 3.410 3.791 4.460 4.052 4.784 3.704 4.445

Post-Sleep Normal 4.737 3.810 4.637 4.842 4.228 5.101 4.135 5.254
Mirror 4.508 3.574 4.508 4.744 4.344 5.071 3.888 4.689

Post/Pre −0.121 0.128 0.330 0.097 0.074 0.086 0.094 0.139
Improvement

ual neurons in rat and macaque has
convincingly demonstrated hippocampal-
neocortical and cortico-cortical inter-
actions to be replayed during sleep
(Benchenane et al., 2010; Hoffman and
McNaughton, 2002a; Peyrache et al.,
2009). Unlike the animal work, previous
studies in humans have either reported
only local changes in trained brain ar-
eas during sleep (Huber et al., 2006, 2004;
Kattler et al., 1994) or a non-specific in-
crease in coherence (Cantero et al., 2002;
Mölle et al., 2004). Mölle et al. (2004)
have shown that learning elicited in-
creased long-range coherence during sub-
sequent sleep and that individual differ-
ences in coherence were associated with
individual differences in memory reten-
tion. However, that study did not disam-
biguate whether there was a non-specific
generalized increase in coherence or a spe-
cific spatial profile of increased coherence
mirroring the long-range synchronization
that was induced by prior learning. The
present study demonstrates topographi-
cally specific reactivation of long-range
synchronization, reflecting the network
activated during the learning experience
that preceded sleep.

This specificity addresses the concern
that the reactivation might be a confound
introduced by differences in baseline brain
activity or unspecific fluctuations in brain

state. The strength of the current de-
sign lies in the within-subjects, counter-
balanced comparison and in the selec-
tion of the most task-specific sensor pairs.
This procedure minimizes any risk of sys-
tematic bias or confounding factors, such
as intra- and inter-individual variations
in global brain state or large differences
in engagement, learning effort, and fa-
tigue. In order to keep these factors con-
stant, the experimental design requires
two similarly demanding tasks, each of
which is known to tax a different and spe-
cific brain network. We moreover con-
firmed task-specificity by excluding reac-
tivation on the PPC profile that occurred
during a resting state control baseline ob-
tained within the very same timeframe as
the mirror-tracing task.

Reactivation during sleep of coordi-
nated neuronal activity induced during
prior wakefulness has, in animal stud-
ies, been operationalized in term of cor-
related fluctuations of neuronal firing be-
tween individual neurons across distant
locations in the brain (Benchenane et al.,
2010; Hoffman and McNaughton, 2002a),
a method that is not feasible in healthy
humans. The present findings indicate
that the study of reactivation of coor-
dinated neuronal activity is also feasi-
ble in humans, as it occurs at the level
of long-range coupling of fluctuations in
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the power of local field potential oscil-
lations. Future studies should investi-
gate the intriguing and multifaceted re-
lation between coupling of power fluctu-
ations, as reported in our study, the cor-
relation of neuronal firing quantified with
single-unit recordings (Hoffman and Mc-
Naughton, 2002a; Ji and Wilson, 2007;
Louie and Wilson, 2001), and the con-
currence and phase relationship of sleep-
related elements, such as K-complexes
and spindles (Battaglia et al., 2004; John-
son et al., 2010; Peyrache et al., 2009).

An intriguing finding is the state-
dependence of the frequency band in
which this long-range coupling occurs.
During task execution, the learning expe-
rience induces long-range coupling in beta
band power fluctuations between specific
cortical areas. During subsequent sleep,
the long-range coupling between the same
specific cortical areas is reactivated, but
now in delta band power fluctuations.
Long-range synchronization in the beta
and delta frequency bands might play dif-
ferent roles. Beta band synchronization
allows for fast spreading of information
(Brovelli et al., 2004; Kopell et al., 2000),
which is required to respond appropri-
ately to external stimuli during wakeful-
ness. During NREM sleep, delta activity
is particularly apt at boosting synchro-
nized firing rate and activity over large
parts of the cortex (Chem et al., 1999;
Fujisawa and Buzsáki, 2011). This syn-
chronized activity has been proposed to
strengthen the coupling between regions
and to be involved in memory consolida-
tion (Diekelmann and Born, 2010; Paller
and Voss, 2004).

The literature on reactivation does not
unequivocally define a single dedicated
time-window or sleep stage during which
reactivation exclusively occurs. In fact,
previous studies have reported reactiva-
tion during light sleep (van Dongen et al.,
2011), during NREM stage 2 and slow

wave sleep (Huber et al., 2004; Ji and Wil-
son, 2007; Mölle et al., 2004; Peigneux
et al., 2004; Peyrache et al., 2011; Wil-
son and McNaughton, 1994), during REM
sleep (Louie and Wilson, 2001; Maquet
et al., 2000; Peigneux et al., 2003) and,
in some cases, even during wakefulness
(Foster and Wilson, 2006; Moisello et al.,
2013). In the present study, reactivation
was demonstrated during NREM stage 2
and slow wave sleep, in agreement with
most of the literature [reviewed in Walker
(2005) and Diekelmann and Born (2010)].
Our analysis could not demonstrate sig-
nificant task-specific reactivation during
the subsequent wakefulness, either in the
beta band (a frequency band typical of at-
tentive wakefulness) or in the delta band
(where reactivation eventually occurred
during sleep). However, trends were ob-
served, and statistical power considera-
tions do not rule out the possibility of less
pronounced reactivation during wakeful-
ness.

Subjects differed with respect to the
time passed before falling asleep after
completion of the task (Fig. 5.8A). This
resulted in a considerable variation in
sleep-wake states across participants over
time: at almost any time point after
the task some participants were awake
while others were asleep. This variabil-
ity allowed for an ancillary analysis that
strengthens the interpretation that re-
activation did not occur after a certain
delay, but was specifically promoted by
NREM sleep. In fact, the amount of re-
activation in the time window centered
around the median NREM sleep midpoint
of 68.3 minutes after the beginning of
the task, when 4 participants were asleep
and 4 were awake, was not significant
(Fig. 5.8B).

There are several indications that the
reactivation in long-range coupling ob-
served in the present study is specific to
the MT task. Firstly, source modeling of
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the reactivation indicated that the cou-
pling occurred between the parietal cor-
tex and lateral visual cortex (Fig. 5.9C).
These areas have direct anatomical con-
nections (Seltzer and Pandya, 1994) and
are both active during visuomotor tasks
(Balslev et al., 2004; Siegel et al., 2008).
Secondly, the individual variability in
the coupling strength correlates with the
changes in performance on the MT task.
The present study was optimized to de-
tect long-range coupling of power fluctu-
ations specific to a procedural task while
the FNA task was strictly used as a ref-
erence task requiring comparable effort.
The use of a task control condition al-
lowed us to extract task-specific long-
range coupling rather than non-specific
activation. In addition to the use of such
an active control, we showed that reacti-
vation did not occur for resting-state ac-
tivity extracted from the baseline control
period in the MT task. Together, these
control conditions allow us to identify
task-specific long-range coupling rather
than non-specific activation.

It might be argued that suppression
of the so-called mu rhythm, an event-
related desynchronization (ERD) occur-
ring during the execution of motor tasks
(Pfurtscheller and Lopes da Silva, 1999;
Pfurtscheller et al., 1997), could be a po-
tential confounding factor of the coupling
of beta power. However, the character-
istic frequency band of the mu rhythm
is around 8–13 Hz, lower than the fre-
quency band of interest of our study,
which was 12–30 Hz. An ERD has also
been observed around 20 Hz in associ-
ation with motor activity (Pfurtscheller
and Lopes da Silva, 1999). However,
this ERD, being circumscribed to motor
regions (Pfurtscheller and Neuper, 1997;
Pfurtscheller et al., 1994), has a topogra-
phy that does not overlap with the areas
that reactivated their coupling, as shown
on the scalp (Fig. 5.7C) and at the source

level (Fig. 5.9C). In addition, both the
mu rhythm and motor-related beta ERD
present themselves as a decrease in power
within a brain region, while the analysis
procedure in our study was designed to
ignore localized changes within one single
region and to quantify the long-range cou-
pling power fluctuations between distant
brain regions.

Related to the previous consideration,
it is important to distinguish the changes
in absolute power of delta activity dur-
ing sleep from the changes in long-range
coupling of fluctuations of power, which
are the aim of the current study. Lo-
cal increases in delta power might give
rise to spuriously high coupling between
brain regions. Because areas that activate
during wake show more slow wave power
during NREM sleep (Huber et al., 2004;
Kattler et al., 1994), endogenous fluctu-
ations in global delta power that affect
the whole brain uniformly would be most
pronounced over the previously activated
regions, even if there was no effective cou-
pling. However, this possibility cannot
have confounded the current findings be-
cause the sleep period following the MT
period did not show higher delta power
as compared to the post-FNA sleep pe-
riod, either when delta power was aver-
aged over all the electrodes (delta power
for post-MT sleep: 273.86 s. d. 271.33,
delta power for post-FNA sleep: 339.12 s.
d. 212.40, paired t-test, d. f. = 7, p-value
= 0.43) or only those that were involved in
the re-coupling during sleep (delta power
for post-MT sleep: 240.76 s. d. 236.71,
delta power for post-FNA sleep: 351.08 s.
d. 244.43, paired t-test, d. f. = 7, p-value
= 0.15). This observation indicates that
the reactivation of the coupling was not
secondary to overall changes in power.

Another issue to be discussed is the
use of ICA to identify sources that show
coupling during the MT task and the re-
coupling during the post-MT sleep pe-
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riod. ICA aims at identifying sources
with maximally independent time-series,
which may seem to conflict with the aim
to identify coupled sources. This seeming
contradiction was not actually occurring
because we concatenated periods periods
during which we expected significant cou-
pling (MT task and post-MT sleep) and
periods during which we expected no sig-
nificant coupling (post-MT wakefulness
and all the periods in the FNA condition).

A further aspect that requires careful
consideration are individual differences in
the location of the gradiometers relative
to the brain regions. It should be noted
however that this variability decreases the
signal to noise ratio but does not intro-
duce false sources. The successful out-
come of the source estimation procedure
indicates that, despite the individual vari-
ability in the mapping between brain ar-
eas and sensor locations, i. e. smearing
the signal over larger areas, ICA was able
to identify the areas which showed signif-
icant coupling.

Conclusions
Our findings provide evidence that task-
induced long-range synchronization be-
tween distant areas in a neuronal net-
work can be reactivated during subse-
quent sleep in humans. Whereas animal
studies have shown reactivation of cou-
pling between distant single neurons, the
present findings suggest that the principle
may hold at the system level in the hu-
man brain, and at the level of coupling of
slow fluctuations in oscillatory power, al-
though non-invasive approaches lack the
spatial resolution to unambiguously de-
termine whether the exact some neuronal
assemblies were reactivated. They more-
over suggest specificity in the long-range
coupling of neuronal membrane potentials
that is favored selectively by the slow os-
cillations typical of deep sleep (Volgushev

et al., 2011), because it contains informa-
tion of prior wakefulness with relevance
for memory consolidation.
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