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A B S T R A C T

The first minutes following awakening from sleep are typically marked by reduced vigilance, increased sleepiness
and impaired performance, a state referred to as sleep inertia. Although the behavioral aspects of sleep inertia are
well documented, its cerebral correlates remain poorly understood. The present study aimed at filling this gap by
measuring in 34 participants the changes in behavioral performance (descending subtraction task, DST), EEG
spectral power, and resting-state fMRI functional connectivity across three time points: before an early-afternoon
45-min nap, 5min after awakening from the nap and 25min after awakening. Our results showed impaired
performance at the DST at awakening and an intrusion of sleep-specific features (spectral power and functional
connectivity) into wakefulness brain activity, the intensity of which was dependent on the prior sleep duration
and depth for the functional connectivity (14 participants awakened from N2 sleep, 20 from N3 sleep). Awak-
ening in N3 (deep) sleep induced the most robust changes and was characterized by a global loss of brain
functional segregation between task-positive (dorsal attention, salience, sensorimotor) and task-negative (default
mode) networks. Significant correlations were observed notably between the EEG delta power and the functional
connectivity between the default and dorsal attention networks, as well as between the percentage of mistake at
the DST and the default network functional connectivity. These results highlight (1) significant correlations be-
tween EEG and fMRI functional connectivity measures, (2) significant correlations between the behavioral aspect
of sleep inertia and measures of the cerebral functioning at awakening (both EEG and fMRI), and (3) the
important difference in the cerebral underpinnings of sleep inertia at awakening from N2 and N3 sleep.
1. Introduction

Sleep inertia is defined as the transient physiological state occurring
just after awakening from sleep, which is characterized by reduced vig-
ilance, increased sleepiness and impaired cognitive and physical per-
formances (Tassi and Muzet, 2000; Trotti, 2017). As Lynn Trotti clearly
pointed out in the title of her review “waking up is the hardest thing I do all
day” (Trotti, 2017), sleep inertia is also usually experienced as un-
pleasant. Although its duration is not consistent and varies depending on
the outcome measure used it is generally admitted that most of the
behavioral effects of sleep inertia dissipate progressively in the first
30min (min) post-awakening. The severity of sleep inertia has been
positively associated with several factors such as prior sleep deprivation,
awakening near the circadian trough of body temperature, awakening in
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N3 (deep, or slow-wave) sleep and some sleep disorders (Tassi and
Muzet, 2000). Excessive sleep inertia, sometimes referred to as sleep
drunkenness, is indeed a core feature of idiopathic hypersomnia and a
component of delayed sleep phase disorder and non-rapid eye movement
(NREM) sleep arousal parasomnias (Trotti, 2017).

A better understanding of sleep inertia is needed for the development
of new strategies to reduce its detrimental effect on cognitive and
physical performances, in pathological or physiological contexts alike.
Sleep inertia may indeed have critical consequences in emergency situ-
ations when individuals are required to make vital decisions or actions
immediately upon awakening (e.g. medical staff, firemen, pilots, mili-
tary; Bruck and Pisani, 1999; Horne and Moseley, 2011). In the general
population, sleep inertia represents the main limiting factor to the
numerous beneficial effect of daytime napping (Faraut et al., 2017).
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The behavioral aspects of sleep inertia are well documented, but only
a limited amount of studies have investigated its cerebral correlates until
now. Using electroencephalography (EEG), some studies have found a
persistence of slow activity (1–9Hz) in the minutes following awakening,
notably in posterior areas, a phenomenon which has been suggested to
represent the electrophysiological signature of sleep inertia (Ferrara
et al., 2006; Gorgoni et al., 2015; Marzano et al., 2011; Ogilvie and Si-
mons, 1992). Using positron emission tomography (PET), Balkin and
colleagues reported that the brain areas whose regional cerebral blood
flow (rCBF) was increasing between 5 and 20min post-awakening were
primarily anterior heteromodal areas, such as the lateral prefrontal
cortices and anterior insula (Balkin et al., 2002). They also reported shifts
in the relative levels of rCBF between pairs of brain regions between 5
and 20min post-awakening, leading them to propose that recovery from
sleep inertia could hinge on a resumption of normal levels of both rCBF
and functional connectivity between brain areas. The latter hypothesis
has been tested in two recent studies which investigated the variations in
brain networks functional connectivity between pre-sleep wakefulness,
nocturnal sleep (without prior sleep deprivation) and post-sleep wake-
fulness (Tsai et al., 2014; Wu et al., 2012). Using paired comparisons
between pre- and post-sleep wakefulness, they found a decreased con-
nectivity within the sensory-motor (SM) network at awakening, but no
alterations in cognitive networks. This altered connectivity within the SM
network is consistent with the poor motor performances and clumsiness
observed at awakening, but does not explain the cognitive impairments
reported in previous studies (e.g. mental calculation; Tassi and Muzet,
2000).

Specifically, some modifications of the default mode network (DMN)
connectivity could be expected at awakening since several studies
showed consistent alterations of the DMN connectivity during sleep, fa-
tigue and falling asleep (Picchioni et al., 2013). During N1 and N2 sleep,
several teams found a decrease in the anti-correlation between the DMN
and task-positive networks such as the dorsal attention network (DAN)
and executive frontoparietal network (FP). This decreased
anti-correlation has also been observed during wake after partial or total
sleep deprivation, in addition to robust alterations across the whole brain
functional connectome (De Havas et al., 2012; Kaufmann et al., 2015;
Krause et al., 2017; S€amann et al., 2010; Tüshaus et al., 2017; Yeo et al.,
2015). Finally during N3 sleep (also called deep, or slow wave, sleep),
several studies reported a strong disruption of DMN connectivity and
anti-correlation (Horovitz et al., 2009; Larson-Prior et al., 2011; S€amann
et al., 2011), as well as a vanishing of FP connectivity (Spoormaker et al.,
2012). Altogether, these results argue in favor of a progressive loss of
functional segregation of brain networks from sleep onset to deep sleep,
which might explain why the behavioral impairments at awakening are
the most acute when individuals are awakened in N3 sleep. They also
suggest that sleep inertia dissipation in the first half hour after awakening
is associated with a progressive restoration of the brain networks' func-
tional segregation.

This latter hypothesis has however never been experimentally tested.
In order to fill in this gap, we designed a paradigm with simultaneous
EEG-fMRI recordings to assess brain functioning during resting-state
before a 45min early-afternoon nap, 5 min after awakening and 25min
after awakening. This enabled us to investigate the dynamic of brain
activity during the first half hour following awakening. Each resting-state
scan was coupled with a mental calculation task (descending subtraction
task, DST) in order to measure sleep inertia at the behavioral level (Tassi
and Muzet, 2000). To our knowledge, this is the first neuroimaging study
of sleep inertia using such a behavioral control. Furthermore, partici-
pants were partially sleep deprived on the night before and awakened,
when possible in N3 sleep. As both sleep deprivation and N3 sleep have
been associated with increased sleep inertia (Tassi and Muzet, 2000), our
design allowed us to study sleep inertia in its most intensified form. This
choice also had an ecological value since short nights compensated by a
daytime nap are common in young adults (Faraut et al., 2017).

This paradigm provides a unique opportunity to study the brain and
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cognitive alterations during sleep inertia since it is the first one to provide
both EEG-fMRI and behavioral data at both 5 and 25min post-
awakening. Using such a paradigm, we can observe the alterations that
are specific to sleep inertia by contrasting behavioral and brain measures
obtained at 5min post-awakening to the ones obtained at pre-sleep.
Likewise, the dissipation of sleep inertia can be evaluated by contrast-
ing the brain and behavioral measures obtained at 5min post-awakening
to the ones obtained at 25min post-awakening.

Our first hypothesis was that sleep inertia would be conspicuous both
behaviorally and physiologically at 5 min post-awakening. Using a
within-subject statistical design, we expected (1) a decrease in mental
calculation performances at 5min post-awakening compared to pre-sleep
and 25min post-awakening, reflecting the progressive dissipation of
sleep inertia detrimental effects over the first half hour after awakening,
(2) an intrusion of sleep-specific brain activity at 5 min post-awakening,
i.e. a high spectral power of slow activity (EEG), a disrupted DMN
functional connectivity, and a loss of brain networks' functional segre-
gation (fMRI). Our second hypothesis was that the severity of these
physiological and behavioral alterations would be positively correlated
with sleep depth and duration. In other words, we expect that partici-
pants awakened in N3 sleep will have an intensified form of sleep inertia
than participants awakened in N2 sleep and that this difference will be
apparent on both behavioral and physiological measures. Finally, we
expected correlations between connectivity measures, electrophysiolog-
ical measures and behavioral measures of sleep inertia.

2. Methods

2.1. Participants

Fifty-five participants were included in the study (28 males, mean
age� standard deviation¼ 22.55� 2.41, range¼ 19–29). The subjects
were informed of the study through an announcement sent to several
mailing lists of Lyon University (Vallat et al., 2018). Participants were
selected if they reported having a regular sleep-wake schedule, no diffi-
culty falling asleep, being occasional or frequent nappers and having
preferentially already done an MRI brain scan in the past few years. They
had no history of neurological and psychiatric disorders and had no sleep
disturbances (PSQI score¼ 4.60� 2.25). They provided written
informed consent according to the Declaration of Helsinki and received
monetary compensation for their participation. The study was approved
by the local ethics committee (CCPPRB, Centre Leon Berard, Lyon,
France).

2.2. Experimental design

The experimental design is presented in Fig. 1.
Evening and night. Participants arrived in the sleep unit of Le Vinatier

Hospital (Lyon, France) at 8pm on the evening prior to the experimental
day. From 8pm to 10pm, they underwent several personality and
cognitive tests administered by R.V (results will be presented elsewhere).
They were instructed to stay awake until 5am, after which they were
allowed to sleep for 3 h until 8am in a bed of the sleep unit. The possible
activities during the partial sleep deprivation were reading, making
puzzles and watching movies. Energy drinks, caffeine, and physical ac-
tivity were prohibited, and nurses regularly checked that the subjects did
not fall asleep. As an additional control, participants wear a wrist
actimeter (Actigraph link GT9x, Actigraph, FL, USA; sampling rate:
30 Hz) at the dominant hand in order to verify a posteriori that they did
not fall asleep before 5am. In the morning, participants were offered
breakfast and a shower and then occupied themselves (reading or
internet) under the experimenters’ supervision until the MRI session.

Day. After lunch at 11:30am, participants were conducted to the
neuroimaging facility (CERMEP). During the first half hour, experi-
menters set up an MRI-compatible polysomnographic cap. Polysomno-
graphic data were recorded continuously throughout the entire duration



Fig. 1. j Experimental design.
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of the subsequent MRI session (~2 h). Participants were then installed in
the MRI scanner at about 1:20pm (1:17pm� 13min) and the eye-
tracking camera was calibrated. To check the quality of the eye-
tracking calibration participants read a 5min cartoon in the scanner.
Then, they did the mental calculation task for 2min (see next section),
just before the acquisition of the first resting-state fMRI scan. During the
scan, the instructions were to remain awake and look at a fixation cross
on the screen (the experimenters checked the eye-tracking camera during
the whole scan to make sure that the participant did not close their eyes).
At the end of the fMRI scan (1:39pm� 14min), participants were
informed that they could rest or sleep during the next 45min. We did not
scan during the nap in order to facilitate sleep and because the primary
goal of the study was to investigate the brain activity during wake just
before and after awakening. Throughout the whole nap slot, the exper-
imenters monitored the vigilance state of the participants in real-time by
looking at the polysomnographic recording. After about 45min
(mean¼ 42� 5min), participants were awakened by calling their first
name and the second set of measurements (resting-state fMRI scan and
mental calculation task) was done as quickly as possible after the
awakening. After the second DST, subjects were asked to describe their
sleep and dreams in the scanner and were also asked about the cartoon
that they read just after the eye-tracker calibration (results will be re-
ported elsewhere). About 25min after awakening (23� 3min), the third
set of measurements (resting-state fMRI scan andmental calculation task)
was performed and followed by an 8min T1 anatomical scan. At the end
of the experiment, participants completed a questionnaire about their
thoughts during the 3 resting-state scans.
1 https://github.com/dipetkov/actigraph.sleepr.
2.3. Behavioral task

To evaluate the effect of sleep inertia at a behavioral level, we used
the DST, a mental calculation task which has been previously reported to
be sensitive to sleep inertia (Dinges et al., 1985; Evans and Orne, 1975;
Stampi et al., 1990). Subjects were presented with a three-digit number.
They were instructed to subtract 9, saying the operation and the result
aloud, and then continue by subtracting 8 from the remainder, then 7,
and so on until they had to subtract 1. After this point, they were to start
the cycle of descending subtractions again. They had to do the task for
2min and were instructed to be as fast and accurate as possible. As this
task has a substantial practice effect over the first trials (Dinges et al.,
1985), participants were trained on the evening prior to the MRI session
(they performed the task six times).

The outcome measures of the DST are (1) the total number of re-
sponses, which is an index of the speed of information processing, (2) the
percentage of mistakes, which is an index of accuracy and (3) the per-
centage of correct responses, relative to pre-nap performances, which is
an index of both speed and accuracy (Dinges et al., 1985). Since several
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studies reported that speed is generally more impaired than accuracy
during sleep inertia (Trotti, 2017), we expected a significant decrement
of post-nap performances especially for the total number of responses and
percentage of correct responses. For each of these outcome measures,
scores were entered as dependent variables into a mixed two-way
repeated measures ANOVA with a between-subject group factor (two
levels: N2 and N3 sleep, see results section) and a within-subject time
factor (three levels: pre-sleep, 5 min post-awakening and 25min
post-awakening). In case of significance, post hoc tests were computed
using two-sided T-tests corrected for multiple comparisons using the false
discovery rate (FDR) and Hedges’ g values were reported as a measure of
effect size.
2.4. Polysomnography data collection and analysis

2.4.1. Actigraphy
The actimetric data were analyzed using the actigraph.sleepr R

package.1 Sleep scoring was initially performed using the Cole-Kripke
algorithm (Cole et al., 1992). Subsequently, the Tudor-Locke algorithm
(TudorLocke et al., 2014) was applied to compute the total sleep duration
and wake after sleep onset (WASO), using the following settings: mini-
mum sleep period length¼ 90min, minimum inactive time to define
bedtime¼ 5min, minimum activity time to define waking
time¼ 10min.

2.4.2. Data collection
Polysomnography data were continuously recorded using a 15

channels MR-compatible cap designed for sleep studies, i.e. with a layout
designed according to the American Academy of Sleep Medicine Guide-
lines (EasyCap, Brain Products GmbH, Gilching, Germany). It comprised
9 EEG electrodes placed according to the international standard 10/20
system (O1, O2, C3, C4, F3, F4, Fpz, M1, M2; with Cz as the reference and
Afz as the ground), 2 EOG electrodes, 3 EMG electrodes, and an ECG
electrode placed on the back of the participant. The sampling rate was
5000Hz and an analog band-pass filter was set to 0.01–250Hz. The
helium pump was not disabled during data acquisition. The EEG ampli-
fier (BrainAmp MR, Brain Products GmbH, Gilching, Germany) was
positioned at the rear of the MRI scanner. The cable connecting the
amplifier to the EEG cap was fixed in place using sandbags. The amplifier
was connected to the PC interface in the control room via a fiber optic
cable.

To allow for an online evaluation of the sleep stages during the fMRI
session, a real-time pulse-artifact correction was applied using the
BrainVision Recorder (version 1.2) and BrainVision RecView (version

https://github.com/dipetkov/actigraph.sleepr
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1.4) softwares (Brain Products). This allowed to remove the cardiobal-
listic artefact, which results from the pulse-related movement of the
electrodes in the constant magnetic field of the scanner (importantly this
artefact alters the EEG signal even outside of the scanning periods).

To ensure that the participants were keeping their eyes open during
the resting-state scans, eye movements were monitored using an EyeLink
1000 fMRI eye-tracking system (SR Research, Ontario, Canada). Eye
position was calibrated at the beginning of the experiment andmonitored
throughout. During all the resting-state scans, R.V. and P.R. checked in
real-time that the participants were not closing their eyes using the on-
line video and, when appropriate, reminded the subjects to keep their
eyes open through a microphone.

2.4.3. Data preprocessing
To allow further analyses, data were first segmented, for each subject,

into four subsets: the nap (~45min) and the first, second and last resting-
state scans (6min each). Artifacts related to gradient switching and
cardiac pulse (cardioballistic effect) were removed in each of these seg-
ments using semi-automatic MRI artifact rejection algorithms (Allen
et al., 2000, 1998) implemented in Brain Vision Analyzer 2.1 software
(Brain Products). Polysomnographic data were then downsampled to
500 Hz and bandpass filtered between 0.1 and 40Hz.

2.4.4. Sleep staging
Offline sleep staging was performed using epochs of 30 s visualized in

an open-source in-house software (Combrisson et al., 2017). Sleep stag-
ing was done visually by an expert rater (R.V.; Combrisson et al., 2017;
Vallat et al., 2018, 2017). Sleep staging was performed according to the
standard guidelines by the American Association of Sleep Medicine (Iber,
2007; Silber et al., 2007). The amplitude of the frontal derivations was
used to determine N3 sleep. Fig S1 shows the hypnogram and a 20 s EEG
segment during the nap slot for one subject from the N3 group. The
following sleep statistics were extracted from the hypnogram of each
subject and then averaged across subjects: duration of wake, N1 sleep, N2
sleep, N3 sleep and REM sleep (min), longest period of uninterrupted N2
sleep and N3 sleep (min), total sleep time (min, computed as the sum of
N1, N2, N3 and REM sleep duration), total dark time (min, duration from
the beginning to the end of the nap slot), sleep efficiency (%, computed as
the ratio between the total sleep time and the total dark time), as well as
the latencies between the awakening and the start of the first and second
post-awakening resting-state scans (min).

2.4.5. Spectral analyses
Spectral analyses were conducted on the segmented EEG data corre-

sponding to the first, second and third resting-state fMRI scans (6min
each). Power spectral density (PSD) were estimated for four frequency
bands (delta¼ 0.5–4.5 Hz, theta¼ 4.5–7.5 Hz, alpha¼ 7.5–11.5 Hz,
beta¼ 11.5–30 Hz) using the psd_welch2 function implemented in the
MNE-python package (Gramfort et al., 2014) with a 4-s sliding window
and a 1-s step. PSD were computed for 6 channels (F3, F4, C3, C4, O1,
O2) and then averaged to obtain a single value per frequency band per
resting-state scan per subject. Three EEG channels (Fpz, M1, M2) were
not included in the spectral analyses because of an overall bad data
quality, mainly resulting from the MR environment. Before applying
further statistical analyses, PSD values were transformed to geometric
standard scores, which are more appropriate than arithmetic standard
scores when the raw scores follow a log-normal distribution (Kirkwood,
1979), using the following equation:

zðxÞ ¼ ln
�
x = μg

�
= ln

�
σg

�

Where x, μg and σg are the raw PSD scores, geometric mean and
2 https://martinos.org/mne/stable/generated/mne.time_frequency.psd_
welch.html.

269
geometric standard deviation, respectively.
Then, for each frequency band, PSD values were entered in a mixed

two-way repeated measures ANOVA with a between-subject group factor
(two levels: N2 sleep and N3 sleep) and a within-subject time factor
(three levels: pre-sleep, 5 min post-awakening and 25min post-
awakening). In case of significance, post hoc tests were computed
using FDR-corrected two-sided T-tests.

2.5. MRI data collection

MRI scans were obtained from a MAGNETOM Prisma 3T scanner
(Siemens Healthcare, Erlangen, Germany) at the Primage neuroimaging
facility (CERMEP, Lyon, France). Structural MRI were acquired with a
T1-weighted (0.9 mm isotropic resolution) MPRAGE sequence and
functional MRI data with a T2*-weighted 2D gradient echo planar im-
aging sequence (EPI) with 180 vol (TR/TE ¼ 2000/25 ms, flip
angle ¼ 80�, voxel size ¼ 2.68 � 2.68 � 3 mm, slices ¼ 40,
duration ¼ 6 min). Functional and anatomical scans were performed
using a 20-channel head coil. The coil was foam-padded to improve
subject comfort and restrict head motion.

Importantly, scan length is an important factor in resting-state fMRI,
with longer scan times typically increasing the reproducibility of within-
subjects functional connectivity estimates (Anderson et al., 2011).
Because of the inherently time-constrained nature of our paradigm, we
chose a 6min scan duration which provides “a reasonable trade-off be-
tween time/robustness of resting-state networks functional connectivity”
(Soares et al., 2016). Indeed, several studies have shown that correlation
values from functional connectivity matrices within and between brain
networks stabilize within 4–5min of data (Van Dijk et al., 2010; Whitlow
et al., 2011).

2.6. fMRI analysis

Preprocessing and quality check was performed using the CONN
toolbox3 version 17f (Whitfield-Gabrieli and Nieto-Castanon, 2012).
Preprocessing was done according to the standard pipeline implemented
in the CONN toolbox and included functional realignment, slice-timing
correction, coregistration to structural scan, spatial normalization and
spatial smoothing using a 6-mm full-width at half-maximum isotropic
Gaussian kernel filter. Individual T1 images were segmented into gray
matter, white matter and cerebrospinal fluid tissue maps. Functional and
structural images were then normalized to the MNI152 space (Montreal
Neurological Institute). Functional images underwent artifact and mo-
tion regression in the Artifact Detection Toolbox4 using the following
criteria to define outliers: global signal intensity changes greater than 9
standard deviations and movement exceeding 2mm. SPM motion pa-
rameters and outliers were included as covariates in further connectivity
analyses.

Six resting-state functional brain networks and their main regions of
interests (ROIs) were defined from a brain parcellation atlas natively
implemented in the CONN toolbox. This atlas was obtained using an
independent component analysis on 467 subjects from the Human Con-
nectome Project (Smith et al., 2013). In addition to these six cortical
networks, a set of subcortical areas (hippocampus, thalamus, and
amygdala) was defined from the Harvard-Oxford maximum likelihood
subcortical atlas. The full list and spatial map of networks and their
corresponding regions can be found in Table S1 and Fig. S2, respectively.

Functional connectivity analyses were achieved using the CONN
toolbox version 17f. First, we performed a denoising step including a
regression of the 6 motion correction parameters and their corresponding
first-order temporal derivatives, as well as a regression of the principal
components derived from anatomical noise ROIs (i.e. the white matter
3 http://www.conn-toolbox.org/.
4 https://www.nitrc.org/projects/artifact_detect/.

https://martinos.org/mne/stable/generated/mne.time_frequency.psd_welch.html
https://martinos.org/mne/stable/generated/mne.time_frequency.psd_welch.html
http://www.conn-toolbox.org/
https://www.nitrc.org/projects/artifact_detect/
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and cerebrospinal fluid, which signals are unlikely to be related to neural
activity) in order to remove physiological confounds (Behzadi et al.,
2007). The resulting BOLD time series were band-pass filtered (0.008 -
0.09 Hz) to further reduce noise and increase sensitivity (Weissenbacher
et al., 2009). Then, functional connectivity matrices were calculated for
each subject by extracting the mean BOLD time series of each ROI of a
given network and by correlating them with the average BOLD time se-
ries of every other ROI from this network or the other networks included
in the analysis. Because there were 32 ROIs included in the analysis, the
resulting skew-symmetric functional connectivity matrices comprised
496 ROI-to-ROI pairwise correlation coefficients (i.e. n*(n-1)/2). The
correlation coefficients were then standardized using the Fisher
Z-transformation:

z :¼ 1
2
� ln

�
1 þ r
1 � r

�

Second-level statistical comparisons were performed for N3 and N2
group separately. We used two-sided pairwise T-tests with an FDR-
corrected (seed-level) alpha threshold set a 0.05. For each group, three
contrasts were performed: pre-nap versus 5min post-awakening, pre-nap
versus 25min post-awakening, and 5min versus 25min post-awakening.

Second, to make these results more meaningful with regards to the
global organization of brain networks, we then extracted the average
functional connectivity within and between brain networks. These
values were obtained by computing the arithmetic mean of all pair-
wise correlation coefficients. The resulting averaged connectivity
values were subsequently entered into a mixed two-way repeated
measures ANOVA with a between-subject group factor (two levels: N2
sleep and N3 sleep) and a within-subject time factor (three levels: pre-
sleep, 5 min post-awakening and 25 min post-awakening). In case of
significance, post hoc tests were computed using FDR-corrected two-
sided T-tests.

2.7. Correlations

Finally, we computed the correlation coefficients between several
dependent variables, including the performances at the DST, the EEG
spectral measures, the sleep parameters and the average functional
connectivity within and between brain networks. Correlation coefficients
were computed using two-sided Pearson product-moment correlation
coefficient (p-uncorrected< .05). Because of the huge number of possible
correlations, we restrained our analysis to specific a priori hypotheses,
which are detailed in the results section.

2.8. Statistics

The mixed two-way repeated measures ANOVA were computed using
the ezANOVA5 package implemented in R. In case of significance, post
hoc tests were computed using two-sided T-tests FDR-corrected for
multiple comparisons using the Benjamini–Hochberg procedure. They
were performed using the R package lsmeans.6 For each post hoc com-
parisons, we also report the Hedges’ g as a measure of effect size. Effect
sizes were computed using the R package effsize.7 Correlations were
computed using the pearsonr8 function implemented in the SciPy python
package. On all the following graphs, error bars represent 95% boot-
strapped confidence intervals (2000 permutations) computed using the
seaborn9 python package.
5 https://github.com/mike-lawrence/ez.
6 https://cran.r-project.org/web/packages/lsmeans/vignettes/using-lsmeans.

pdf.
7 https://github.com/mtorchiano/effsize.
8 https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.pearsonr.

html.
9 https://github.com/mwaskom/seaborn.
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3. Results

3.1. Sleep parameters

3.1.1. Night
Actigraphy results showed that the participants slept an average

of 152.67� 15.32 min (range¼ 95–194min) on the night before the
MRI session. No participant fell asleep during the sleep deprivation
period (i.e. from 10pm to 5am). The average WASO was
13.35� 9.16 min (range¼ 1–51min). However, it should be noted
that a previous study comparing wrist actigraphy with poly-
somnography reported that the former method overestimates WASO
(Slater et al., 2015).

3.1.2. Nap
Despite the sleep deprivation, 20 out of 55 participants were not

able to reach or maintain NREM sleep deeper than N1 during the 45-
min nap slot in the scanner. This result was not a surprise given the
discomfort and stress inherent to the MR environment (Duyn, 2012).
These 20 subjects were not included in further analyses. One subject
out of the 35 remaining was discarded because of a technical failure
during data acquisition, leading thus to a total of 34 participants in the
final analysis (15 males, mean age¼ 22.67� 2.48, range¼ 19–29).

We further divided these participants as a function of the sleep stage
in which they were prior to awakening. Twenty participants were
awakened in N3 sleep (N3 group) and 14 participants were awakened in
N2 sleep (N2 group). This allowed us to conduct fine-grained compar-
isons of the behavioral and brain alterations following awakening from
N2 and N3 sleep. Note that we did not include participants who only
reached N1 sleep since awakening from N1 sleep is known to induce
little to no sleep inertia (Tassi and Muzet, 2000) and was therefore of
little interest with regards to our initial goal. Furthermore, in the N1
group, there was a lot of variability and heterogeneity in the sleep
structure of the participants as well as in the vigilance state at the time
of awakening.

Means of the main sleep parameters in the N2 and N3 groups are
presented in Table 1. Importantly, there was no group difference in the
delay between the awakening, on one hand, and, the first and second
post-awakening resting-state fMRI scan on the other hand.

3.2. Behavioral performances

Behavioral performances at the DST are presented in Fig. 2.

3.2.1. Total number of responses
As expected, we observed a significant main effect of time in the total

number of responses, F (2,64)¼ 4.0, p¼ .02. The total number of re-
sponses was lower at 5min post-awakening as compared to 25min post-
awakening (p-fdr¼ .04, Hedges’ g ¼ .19). There was a tendency for a
reduced total number of responses at 5min compared to pre-nap (p-
fdr¼ .07, g ¼ .13). No group effect or interaction was found for the total
number of responses.

3.2.2. Percentage of mistakes
This decrease in calculation speed at 5 min post-awakening was not

associated with an increase in the percentage of mistakes. However,
there was a significant main effect of group (F (2,64)¼ 5.8, p¼ .02), as
well as a significant interaction between time and group, F
(2,64)¼ 3.6, p¼ .03. Post hoc tests revealed that the N2 group had a
higher percentage of mistakes than the N3 group (p-fdr¼ .002, g ¼
.64), and specifically at 5 min post-awakening (p-fdr¼ .02, g ¼ .99).
This effect should nevertheless be interpreted with caution since it was
mainly driven by one participant of the N2 group who made 35% of
mistakes in the second run. The interaction was not significant
anymore when this subject was removed from the analysis, F
(2,62)¼ 2.1, p¼ .13.

https://github.com/mike-lawrence/ez
https://cran.r-project.org/web/packages/lsmeans/vignettes/using-lsmeans.pdf
https://cran.r-project.org/web/packages/lsmeans/vignettes/using-lsmeans.pdf
https://github.com/mtorchiano/effsize
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.pearsonr.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.pearsonr.html
https://github.com/mwaskom/seaborn


Table 1
j Sleep parameters (mean� SD) of the subjects in the N3 (n¼ 20) and N2 (n¼ 14) groups. TST¼ total sleep time, SE¼ sleep efficiency (%), Wake (W), N1, N2, N3,
REM¼ total duration of each sleep stage in minutes. Long-N2¼ longest period (min) of uninterrupted N2 sleep. Long-N3¼ longest period of uninterrupted N3-sleep.
LAS1¼ latency (min) between the awakening and the start of the first post-awakening resting-state fMRI scan. LAS2¼ latency (min) between the awakening and the
start of the second post-awakening resting-state fMRI scan.

Group TST SE W N1 N2 N3 REM Long-N2 Long-N3 LAS1 LAS2

N2 38.2� 7.1 87.4� 9.6 9.1� 4.0 14.2� 7.6 21.6� 6.2 2.9� 4.4 0 11.3� 5.2 2.7� 4.2 3.7� 1.9 23.8� 3.7
N3 37.3� 5.0 87.5� 7.4 9.2� 4.2 9.0� 5.7 17.7� 4.9 11.0� 4.6 0 14.4� 3.9 10.3� 4.2 4.8� 3.9 24.4� 4.2
T-test .68 .99 .95 .03 .05 <.001 – .06 <.001 .34 .63

Fig. 2. j Behavioral performances at the descending subtraction task (DST) (A) Within subject comparisons (i.e. main effect of time). for the total number of
responses (left), percentage of mistakes (middle) and percentage of correct responses relative to pre-nap performances (left). (B) Between group comparisons (N2 vs
N3). Dashed horizontal lines in the left panel indicate the 100% baseline pre-nap performances. Error bars represent bootstrapped 95% confidence intervals. *p < .05,
**p < .01. All p-values are corrected for multiple comparisons using the false discovery rate (FDR).
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Percentage of correct responses
We also found a significant main effect of time for the percentage of

correct responses, F (2,64)¼ 3.13, p¼ .050. Post hoc tests revealed a
tendency for a lower percentage of correct responses at 5min post-
awakening compared to 25min post-awakening (p-fdr¼ .06, g ¼ .44).
No group effect or interaction was found.
3.3. EEG power spectral density

Four out of the 34 subjects were not included in the PSD statistical
analyses because of a technical failure during polysomnographic data
acquisition (n¼ 1) or bad data quality (n¼ 3). These outliers were
defined using the following rule: grand averaged PSD above or below 2
standard deviations in two or more frequency bands. An additional
outlier rejection was applied for the 30 remaining participants by
removing observations below the 1st and above the 99th percentiles. This
latter outlier rejection did not result in any subjects being removed from
the analyses.
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PSD results are presented in Fig. 3. As expected, we found a main
effect of time for the delta frequency band, F (2,56)¼ 3.48, p¼ .038.
There was an almost significant tendency for increased delta power at
5min post-awakening compared to both pre-nap (p-fdr¼ .051, g ¼ .32)
and 25min post-awakening (p-fdr¼ .051, g ¼ .29). Second, there was
also a main effect of time for the alpha frequency band, F (2,56)¼ 8.75,
p¼ .001. Alpha power was significantly increased at 25min post-
awakening compared to both pre-nap (p-fdr¼ .0009, g ¼ .57) and
5min post-awakening (p-fdr¼ .050, g ¼ .29). Third, we observed a main
effect of time for the beta frequency band, F (2,56)¼ 5.38, p¼ .007. Beta
power was significantly increased at 25min post-awakening compared to
both pre-nap (p-fdr¼ .03, g ¼ .37) and 5min post-awakening (p-
fdr¼ .03, g ¼ .42). Fourth, we found a main effect of time for the delta-
beta ratio, F (2,56)¼ 4.73, p¼ .013. Post hoc tests revealed that the
delta-beta ratio was significantly increased at 5min post-awakening
compared to pre-nap (p-fdr¼ .03, g ¼ .52). There was no main effect
of time for the theta frequency band, and neither was there a significant
effect of group or interaction for any of these frequency bands. The group



Fig. 3. j EEG spectral power during the three resting-state fMRI scans. As no significant main effect of group or interaction was found, only the average PSD values
of the two groups are depicted in this figure. Error bars represent bootstrapped 95% confidence intervals. *p < .05. ***p < .001. All p-values are corrected for multiple
comparisons using the false discovery rate (FDR).
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means are reported in Fig S3.

3.4. Brain networks functional connectivity

3.4.1. ROI-to-ROI analysis
ROI-to-ROI results are presented in Fig. 4.
As expected, awakening from N3 sleep was associated with strong

disruptions in functional connectivity. ROI-to-ROI analyses demon-
strated a strongly disrupted pattern of functional connectivity between
several brain networks at 5 min post-awakening compared to both pre-
nap and 25min post-awakening (Fig. 4A). Perhaps the most important
finding was an increased functional connectivity at 5min post-
awakening compared to pre-nap between several regions of the DMN
and the DAN. This pattern was also observed, albeit to a lesser extent,
when contrasting the 25min and 5min post-awakening scans. Finally,
the last contrast (pre-nap> 25min) revealed some differences in the
functional connectivity at 25min and at pre-sleep, namely between the
superior region of the SM network on one side and regions of the salience
and visual networks on the other side (Fig S4).

Interestingly, awakening from N2 sleep induced a different pattern of
disruption (Fig. 4B). Compared to pre-nap, the functional connectivity at
5 min post-awakening was increased between the hippocampus and re-
gions of the DMN, and between regions of the SM and those of the
salience network. Contrary to N3 sleep, we also observed some signifi-
cant decreases in pairwise functional connectivity, namely between re-
gions of the SM and those of the FP networks, as well as between the
hippocampus and the regions of the SM networks. For the N2 group,
however, the most visible changes were observed when contrasting the
25min and 5min post-awakening scans. As compared to 25min post-
awakening, the functional connectivity at 5min post-awakening was
significantly increased between several regions of the visual and salience
network, and significantly decreased between several regions of the SM
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and FP networks. As for the N3 group, we did observe some changes in
the pre-nap versus 25min post-awakening contrast. Namely, the func-
tional connectivity was decreased at 25min post-awakening compared to
pre-nap in several regions of the salience, DMN, visual and FP networks
(Fig S4).

3.4.2. Average within and between network functional connectivity
An easier way to understand these results is to look at the average

functional connectivity within and between brain networks. Doing so, we
were able to confirm and extend the ROI-to-ROI results. First, there was
no significant effect of time, or group, or any interaction between time
and group when we only considered the within-network average func-
tional connectivity (i.e. connectivity within a specific brain-network,
Fig. 5, top). However, we did find several significant effects in the pair-
wise between network functional connectivity (i.e. the average func-
tional connectivity between two networks, Fig. 5, bottom). Consistent
with the above results, a two-way repeated measures ANOVA revealed a
significant main effect of time in the functional connectivity between the
DMN and the DAN (F (2,64)¼ 4.0, p¼ .02), as well as a significant
interaction between group and time, F (2,64)¼ 3.7, p¼ .03. Post hoc
tests revealed a significantly increased connectivity between these net-
works at 5min post-awakening compared to pre-nap (p-fdr¼ .03, g ¼
.53), as well as a tendency for a significant increase at 5min compared to
25min post-awakening (p-fdr¼ .08, g ¼ .39). Consistent with the ROI
results, post hoc tests showed that the interaction effect at 5min post-
awakening was mainly driven by the N3 group (p-fdr¼ .02, g¼ 0.89).

Second, we also found a significant main effect of time in the func-
tional connectivity between the DMN and salience network, F
(2,64)¼ 4.1, p¼ .02. Post hoc tests revealed a significantly increased
connectivity between these networks at 5 min post-awakening compared
to pre-nap (p-fdr¼ .03, g ¼ .55), as well as a tendency for a significant
increase at 25min post-awakening compared to pre-nap (p-fdr¼ .08, g¼



Fig. 4. j Functional connectivity results.
ROI-to-ROI results for the two contrasts (left,
pre-nap versus 5 min post-awakening; right,
25 min versus 5min post-awakening) and the
two groups (top, N3 group, bottom, N2
group). Blue connections indicate regions
with significantly increased pairwise con-
nectivity (two-sided paired t-tests, p-
fdr< .05) at 5 min post-awakening. Orange-
red connections indicate regions with signif-
icantly decreased pairwise connectivity at
5 min post-awakening.
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.38). In addition, there was also a main effect of group (F (2,64)¼ 5.6,
p¼ .02), indicating that participants whowere awakened in N3 sleep had
an overall higher functional connectivity between these two networks
than those who were awakened in N2 sleep (p-fdr¼ .003, g ¼ .59).

Finally, we also observed a significant interaction between group and
time in the functional connectivity between the DMN and SM network, F
(2,64)¼ 5.3, p¼ .008. Post hoc tests showed a significant increase in the
functional connectivity between these two networks at 5 min post-
awakening in the N3 group as compared to the N2 group (p-fdr¼ .004,
g ¼ .99).

3.4.3. Correlations between spectral, fMRI and behavioral measures
The first hypothesis that we wanted to test was to see whether the

functional connectivity and/or EEG spectral power during the pre-nap
resting-state scan could be predictive of the amount of NREM sleep
(excluding N1 sleep) during the nap. To this end, we computed the
correlation coefficients between the cumulative duration of N2 and N3
sleep (i.e. sum of N2 sleep duration and N3 sleep duration, referred to
hereafter as the duration of N2/N3 sleep) on the one hand and the pre-
nap PSD and average within- and between-networks functional connec-
tivity values on the other hand. The only significant finding was a
negative correlation between the duration of N2/N3 sleep and the DMN
average functional connectivity (r¼�0.4, n¼ 34, p-unc¼ .018; Fig. 6,
left). In other words, the subjects who slept the most were also the ones
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with the lowest DMN functional connectivity right before the nap.
Interestingly, we also found a tendency for a negative correlation be-
tween the duration of N2/N3 sleep and the average connectivity before
the nap between the DMN and DAN (r¼�0.31, n¼ 34, p-unc¼ .08), and
between the DMN and the FP network (r¼�0.31, n¼ 34, p-unc¼ .07).

Second, we tested whether the duration of N2 and N3 sleep during the
nap could be predictive of the functional connectivity and/or EEG
spectral power during the 5min post-awakening resting-state scan. To
this end, we computed the correlation coefficients between the duration
of N2/N3 sleep on the one hand and the 5min post-awakening PSD and
average within- and between-networks functional connectivity values on
the other hand. Here again, the only significant finding was a negative
correlation between the duration of N2/N3 sleep and the DMN average
functional connectivity (r¼�0.41, n¼ 34, p-unc¼ .015, Fig. 6, middle).
Consistent with the above, this suggests that disrupted DMN functional
connectivity could be a marker of sleepiness, which applies both before
sleep when one is tired but also immediately after sleep when one is in
the sleep inertia state. In line with this, we found that the average DMN
functional connectivity at 25min post-awakening was not correlated
with the duration of N2/N3 sleep during the nap (r¼ 0.02, n¼ 34, p-
unc¼ .91, Fig. 6, right).

Altogether, these results suggest that the functional connectivity
within the DMN, and between the DMN and other task-positive networks
could be predictive of subsequent sleep duration. Note that a second



Fig. 5. j Average within and between network functional connectivity. Top. Average within-network pairwise functional connectivity. We did not find any
significant main effect of time, group, or interaction between group and time for the average functional connectivity within each of the 7 networks considered in the
analysis (only 3 are depicted). Bottom. Average between-network pairwise functional connectivity. Black lines illustrate post hoc comparisons in case of a significant
main effect of time. Orange ellipses highlight significant post hoc comparisons in case of a significant interaction between time and group factors. Error bars represent
bootstrapped 95% confidence intervals. *p < .05. All p-values are corrected for multiple comparisons using the false discovery rate.

Fig. 6. j Correlations between sleep duration (N2 þ N3 sleep, excluding N1 sleep) and average DMN functional connectivity. Blue colors indicate significant cor-
relations. Error bars represent bootstrapped 95% confidence intervals.
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possible explanation for the correlation between the duration of N2/N3
and the DMN functional connectivity at pre-nap and 5min could be that
DMN functional connectivity is correlated across the scans. In line with
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this, we have found that DMN functional connectivity is consistently
correlated across scans (Fig S5), thus supporting the idea of a trait
component of DMN functional connectivity (Mueller et al., 2013; Finn
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et al., 2015). This does not explain, however, the absence of correlation
between the duration of N2/N3 and the DMN functional connectivity at
25min post-awakening, which could rather be explained by the dissi-
pation of sleep inertia.

Third, we tested whether the average functional connectivity within
and between brain networks could be related to the EEG. To this aim, we
computed the correlation coefficients between the PSD in every fre-
quency bands and every within and between networks average functional
connectivity values, extracted from each of the three resting state scans.
The findings support our previous hypotheses and results showing that
sleep inertia is characterized by increased EEG delta power and reduced
anti-correlation between task-positive and task-negative networks.
Indeed, we found a positive correlation between the EEG delta power on
the one hand and, on the other hand, the average functional connectivity
between the DMN and the DAN (r¼ 0.40, n¼ 30, p-unc¼ .03, p-
FDR¼ .44; Fig S6).

Fourth, we tested whether the behavioral performances at the DST
could be related to physiological measures (i.e. brain networks functional
connectivity and EEG spectral power). To do this, we computed the
correlation coefficients between the outcome measures of the DST and
the physiological measures, at each of the three measurement points.
Strikingly, we found that the percentage of mistakes was positively
correlated with the average connectivity in the DMN (r¼ 0.38, n¼ 34, p-
unc¼ .0025, p-FDR¼ .58; Fig S6). This fits well with the well-known
result that activation of the DMN during a task is associated with wors-
ened performance and increased lapses of attention (Weissman et al.,
2006). Neither this correlation nor the previous one (delta and
DMN-DAN) did survive FDR correction for multiple comparisons but as
they were expected an uncorrected threshold can be considered. In
addition, one should keep in mind that the DST was performed before or
after the resting-state scans and not during them, which may have
diminished the strength of the correlation between the 2 measures.

4. Discussion

In a recent review on sleep inertia, Trotti (2017) proposed as first item
on a 5-items research agenda that “if as suggested by PET imaging,
resumption of normal waking cognition on awakening requires reorganization
of cognitive networks, can other functional neuroimaging and/or neurophys-
iologic studies better delineate these necessary network changes?”. The pre-
sent study aimed at addressing this latter issue by characterizing the
behavioral performance, EEG spectral power, and brain network func-
tional connectivity at awakening of an early-afternoon nap. We investi-
gated this issue at awakening of both N2 and N3 sleep, which allowed us
to compare the behavioral and physiological characteristics of the
waking state immediately following awakenings from these two sleep
stages.

4.1. Impaired mental calculation performance at awakening

As expected and regardless of the sleep stage preceding awakening,
we found significant decrement in the total number of responses at
awakening as compared to 25min post-awakening, as well as a tendency
for a reduced total number of responses at awakening compared to pre-
nap (Fig. 2A). These results confirm that the detrimental effects of
sleep inertia are maximum at awakening and that they progressively
dissipate across the first half hour following awakening. The absence of
significant difference in the percentage of mistakes is consistent with the
generally held view that speed is more impaired than accuracy at
awakening (Tassi and Muzet, 2000; Trotti, 2017).

The relatively smaller decrement in performances observed in the
present study compared to previous studies that have used the DST
immediately after awakening (Dinges et al., 1985; Evans and Orne, 1975;
Stampi et al., 1990) may be accounted for by the delay between the
awakening and the task, which was about 10min in our study (i.e.
duration of the resting-state fMRI scan¼ 6min plus the average delay
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between awakening and the scan onset¼ 4� 2min, see Table 1). We
indeed chose to favor the estimation of functional connectivity over the
estimation of behavioral performances at awakening. For this reason, the
behavioral effects measured in our study most likely underestimate the
behavioral impairment at awakening.

4.2. Modified EEG characteristics at awakening

Sleep inertia was also apparent in the EEG spectral power. In agree-
ment with previous results, we found that EEG delta power was increased
at 5min post-awakening compared to pre-nap and 25min post-
awakening. The delta/beta ratio was also increased at 5min post-
awakening compared to pre-nap. These findings support the hypothesis
that an increased delta activity in the first minutes after awakening may
represent the EEG signature of sleep inertia (Ferrara et al., 2006; Gorgoni
et al., 2015; Marzano et al., 2011).

Interestingly, we also found an increased EEG power in the alpha and
beta frequency bands at 25min post-awakening compared to measures at
the two other time points (Fig. 3). According to the various functional
role attributed to an increased power in the alpha band (i.e. signature of
an increased vigilance: Davidson et al., 2000, Cantero et al., 2002,
McKinney et al., 2011; signature of decreased vigilance: Pfurtscheller
et al., 1996; Benca et al., 1999; Drapeau and Carrier, 2004), our results
could indicate an increase or a decrease of vigilance in the last
resting-state scan. However, the increase in beta power may rather
indicate an increased arousal during the last resting-state scan (Davidson
et al., 2000), when the fatigue caused by both the partial sleep depri-
vation and the sleep inertia were dissipated. Coherently with this hy-
pothesis, although not statistically significant, the percentage of correct
responses at 25min post-awakening was slightly higher than before sleep
(104%). Since sleep inertia has been previously reported to last between
20 and 30min (Tassi and Muzet, 2000), one may conclude that our last
resting-state scan was at the crossroads of the complete dissipation of the
negative effect of sleep inertia and the beginning of the well-documented
positive - and arousing - effect of napping (Faraut et al., 2017).

4.3. Disruption of brain functional connectivity at awakening

The functional connectivity between brain networks was strongly
disrupted at 5min after awakening from sleep compared to both pre-
sleep and 25min post-awakening (Fig. 5). Consistent with our hypoth-
eses, we observed a decrease of the anti-correlation between regions of
networks that are normally (i.e. during stabilized wakefulness) anti-
correlated, namely between task-negative (DMN), and task-positive
(DAN, salience, SM) networks. Such a loss of functional segregation be-
tween networks has been reported during N2 and N3 sleep (Picchioni
et al., 2013) as well as during wake after a full night of sleep deprivation
(Krause et al., 2017).

Our results therefore support the idea that sleep inertia is associated
with an intrusion of sleep-specific features into wake brain activity, and
shows that it is not only an intrusion of sleep-specific EEG activity but
also an intrusion of sleep-specific functional connectivity (i.e. a reduced
anti-correlation between the DMN and task-positive networks, as pre-
dicted by Balkin et al., 2002). In addition, the expected positive signifi-
cant correlation between the EEG delta power and the functional
connectivity between the DMN and the DAN brings further evidence of
this tripartite relationship between increased slow EEG activity, reduced
anti-correlation between brain networks, and sleep inertia (Fig S6).

These findings are well in line with a recent study reporting that
caffeine ingestion, probably one of the most widespread practice to
counteract the detrimental effect of sleep inertia, significantly enhances
“the anti-correlation between the default mode network and task-positive
networks.” (Wong et al., 2013). As such, our results provide further
support for the adenosine-based theory of sleep inertia, according to
which incomplete adenosine withdrawal in the brain upon awakening
may be the cause of sleep inertia (Trotti, 2017; Van Dongen et al., 2001).
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We did find very little significant differences in the within and be-
tween network functional connectivity at pre-sleep compared to 25min
post-awakening. Together with the absence of differences in the spectral
and behavioral measures, this illustrates that the effects of sleep inertia
have progressively dissipated over time and supports the dominant hy-
pothesis of a typical duration of sleep inertia comprised between 20 and
30min.

Contrary to what was expected, we did not observe a global modifi-
cation of the DMN connectivity at awakening when comparing condi-
tions within subjects (Fig. 5 Top). However, we did identify a negative
correlation between the DMN functional connectivity (before and just
after the nap) and the total duration of N2/N3 sleep (Fig. 6). The total
duration of N2/N3 sleep was negatively correlated with the DMN func-
tional connectivity at pre-nap (when participants were tired), and at
5min post-awakening (during the maximum of sleep inertia), but not at
25min post-awakening, when sleep inertia had dissipated. These results
suggest that weak DMN functional connectivity could be a marker of
sleep pressure, fatigue, or even the ability to sleep. This is consistent with
previous studies reporting that decreased DMN connectivity is associated
with daytime sleepiness (Ward et al., 2013) and is consistently found
after sleep deprivation (De Havas et al., 2012).

We have also found that the DMN connectivity was positively
correlated with the percentage of mistakes (Fig. S6). This is consistent
with the idea that high DMN activation is associated with increased
attentional lapses (Weissman et al., 2006) and task-related errors
(Eichele et al., 2008).

4.4. Impact of the sleep stage preceding awakening

We found that neither the EEG spectral power nor the behavioral
performance were significantly different between the participants who
were awakened in N2 sleep and those who were awakened in N3 sleep.
Regarding performance, the delay between the awakening and the DST
(approximately 10min) have prevented us from comparing the 2 groups
at the maximum of sleep inertia which may explain the lack of significant
difference between the groups. However, we did observe several
between-group differences in the brain networks functional connectivity,
which was assessed right after awakening. Overall, the pattern of func-
tional disruption that followed awakening from N3 sleep was more
pronounced than after awakening from N2 sleep. For instance, the sig-
nificant interaction between group and time revealed that the reduced
anti-correlation between the DMN and task-positive networks (DAN,
salience, SM) was mainly driven by the N3 group (Fig. 5). These findings
suggest that only awakening from N3 sleep is associated with a robust
disruption in the brain networks functional connectivity. This is well in
line with previous behavioral research on sleep inertia showing that the
sleep stage prior to awakening is “one of the most critical factors”, with
abrupt awakening during N3 sleep producing the most severe sleep
inertia (Tassi and Muzet, 2000).

It is also noteworthy that, for the N2 group, the most visible changes
in ROI-to-ROI connectivity were observed when contrasting the 25min
and 5min post-awakening scans, whereas, for the N3 group, it was when
contrasting the pre-nap and 5min post-awakening scans. This observa-
tion suggests that the time course of sleep inertia dissipation could be
faster in the N2 group than in the N3 group.

To summarize, the finding that the disruption of between networks
functional connectivity at awakening was increased when the previous
sleep was deeper supports our second hypothesis.

4.5. Limitations and perspectives

Due to our choice to maximize sleep inertia at awakening in the
scanner by partially depriving participants from sleep the night before
the fMRI session, they were therefore tired during the pre-nap scan. It
follows that it is likely that the brain measures and behavioral perfor-
mances during this scan were altered as compared to rested wakefulness
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after a full night of sleep (De Havas et al., 2012; Kaufmann et al., 2016;
S€amann et al., 2010; Tüshaus et al., 2017; Yeo et al., 2015). However, we
believe that this choice does not jeopardize the value of the results for
two reasons. First, the most probable effect of the partial sleep depriva-
tion on the night before is to reduce the magnitude of the difference
between the pre-sleep and the first post-sleep measurements. It follows
that the effect sizes of the physiological and behavioral differences be-
tween the pre-sleep and the first post-sleep measurements are likely
underestimated compared to if the participants had been fully rested
during the pre-sleep measurements. Future studies are required to assess
the amplitude of the possible underestimation of the behavioral and
physiological correlates of sleep inertia in our study. Second, our protocol
reproduces ecological situations, indeed most of the workers concerned
by the necessity to act/decide urgently at awakening (e.g. physicians,
nurses, military) are typically sleep deprived (Weinger and Ancoli-Israel,
2002) and often take naps during extensive duty shifts to limit sleep
pressure.

It is also possible that the MRI scan noise may have had a positive
alerting effect on vigilance and therefore reduced the severity of sleep
inertia. Only one study has so far investigated the effect of a 75 dB pink
noise on sleep inertia and the authors reported inconclusive results on
whether noise improved or worsened sleep inertia effects after a nap
(Tassi et al., 1992).

Finally, it should be noted that the EEG cap used in this study was
primarily designed for EEG-fMRI sleep studies (i.e. to allow sleep scoring
while remaining comfortable for the participants) and as such did only
contain a limited number of channels. Future studies using high-density
EEG or magnetoencephalography (MEG) might provide more precise
insights on the relationship between EEG spectral power and brain net-
works functional connectivity.

Among the perspectives for future studies, it would be interesting to
extend these data to N1 sleep and REM sleep, which are known to
induce less sleep inertia than N2 or N3 sleep (Tassi and Muzet, 2000).
More broadly, future studies should aim at better delineating the brain
networks functional connectivity changes specific to each sleep stage.
Methodologically speaking, a promising avenue of research would be to
use the recently developed technique of dynamic functional connec-
tivity (Hutchison et al., 2013) to obtain a less static measure of the
dissipation of sleep inertia across the first minutes after awakening. For
example, by scanning continuously over the first half hour after
awakening, one could then use a sliding windows approach to evaluate
the temporal variations in functional connectivity across the first mi-
nutes following awakening.

5. Conclusion

Using combined behavioral, EEG and fMRI measurements, we pro-
vided an extensive overview of the cognitive and brain change after
awakening from N2 and N3 sleep. Within-subject comparisons supported
our first hypothesis: the first minutes after awakening from sleep are
marked by a decrease in cognitive performances and the intrusion of
sleep-specific brain activity, reflected mainly by a higher spectral power
of slow activity and a loss of the functional segregation of brain networks.
Furthermore, between-subject comparisons showed that only awakening
from N3 sleep induced a robust loss of functional segregation, therefore
providing evidence for our second hypothesis: the severity of the
behavioral and brain alterations at awakening are linked to the previous
sleep duration and depth.
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