
RESEARCH ARTICLE
www.advancedscience.com

The Awakening Brain is Characterized by a Widespread and
Spatiotemporally Heterogeneous Increase in High
Frequencies

Tamir Avigdor, Guoping Ren, Chifaou Abdallah, François Dubeau, Christophe Grova,
and Birgit Frauscher*

Morning awakening is part of everyday life. Surprisingly, information remains
scarce on its underlying neurophysiological correlates. Here simultaneous
polysomnography and stereo-electroencephalography recordings from 18
patients are used to assess the spectral and connectivity content of the
process of awakening at a local level 15 min before and after the awakening.
Awakenings from non-rapid eye movement sleep are accompanied by a
widespread increase in ripple (>80 Hz) power in the fronto-temporal and
parieto-insular regions, with connectivity showing an almost exclusive
increase in the ripple band in the somatomotor, default, dorsal attention, and
frontoparietal networks. Awakenings from rapid eye movement sleep are
characterized by a widespread and almost exclusive increase in the ripple
band in all available brain lobes, and connectivity increases mainly in the low
ripple band in the limbic system as well as the default, dorsal attention,
somatomotor, and frontoparietal networks.
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1. Introduction

Sleep and wakefulness were classically
thought of as a binary phenomenon, i.e.,
you are either awake or asleep until sleep
stages were discovered.[1] Awakening in the
morning can be viewed as the termina-
tion of the sleep process from either rapid-
eye-movement (REM) or non-REM (NREM)
sleep. Behaviorally, we sometimes feel that
it can take some time to be “fully awake”.
This is supported by studies that suggest
that awakening is a more gradual process[2]

which can take up to 30 min to return to
the wakefulness baseline.[3] This has been
linked to the incomplete clearance of adeno-
sine at the time of the awakening.[4] Ev-
idence from scalp electroencephalography
(EEG) showed that awakening, compared

to pre-sleep wakefulness, was characterized by an increase
in delta (0.3–4 Hz) and theta (4–8 Hz) activity in parieto-
occipital regions, while the increase in activity in the alpha band
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(8–12 Hz) was only significant in the eyes closed condition com-
pared to pre-sleep wakefulness.[5] In addition, a decrease in beta
(13–30 Hz) activity in the occipital lobe was observed compared
to wakefulness.[6] The sleep-wake transition was also shown to
have a dependency on the preceding sleep stage.[7] However,
scalp EEG is spectrally limited by muscle-related artifacts, es-
pecially in the high frequencies over >30 Hz, and more impor-
tantly >80 Hz. In addition, scalp EEG has a limited spatial reso-
lution and only provides a global view, making it difficult to per-
form a careful examination of the local variance in neuronal ac-
tivity. However, high frequencies may be particularly important
in the awakening process as they have been linked to cognition[8]

and consciousness[9] which are regained during this process. In-
tracranial EEG, a method performed in humans in the context of
epilepsy pre-surgical work-up[10] allows recording from multiple
regions in the brain and provides a high-quality signal with min-
imal muscle artifacts, a necessity for the study of high frequency
activity. More specifically, we used stereo-EEG (SEEG), a type of
intracranial EEG that allows recordings from both superficial and
deep structures by inserting depth electrodes into the brain with
a higher spatial resolution as opposed to scalp EEG at the loca-
tion of the implantation probe. The use of sEEG recordings also
enables the assessment of high frequencies, providing a move-
ment and muscle-artefact free signal with high temporal resolu-
tion. The use of SEEG recordings in the study of human sleep
physiology has enabled the local variability of sleep to be demon-
strated between different brain regions and bands.[11,12] Interest-
ingly, studies using EEG-functional magnetic resonance imag-
ing (fMRI) which tried to address the spatial sampling gap have
shown that awakening involves a deactivation process that be-
gins in the thalamus and spreads to the cortex.[13,14] Additionally,
fMRI revealed a reduction in the typical anti-correlation between
regions of networks that are usually anti-correlated during stabi-
lized wakefulness, specifically between the task-negative network
and the task-positive networks.[15] This reduction also varied de-
pending on the sleep stage.[15] Using transcranial Doppler ultra-
sonography, a reduced cerebral blood flow was observed during
NREM compared to REM sleep.[15–17]

Due to these findings, we hypothesize that awakenings will
demonstrate heterogeneous spectral and connectivity signatures
involving different regions and networks in different bands de-
pending on the prior sleep stage, i.e., awakening from NREM or
REM sleep. This is of particular interest as the EEG signature
of NREM[18] differs from REM[19] sleep,[20] which suggests a dif-
ferent neural process;[21,22] thus awakening from REM compared
to NREM might require a different process. Specifically, we are
interested in the involvement of high frequency activity, which
has been postulated to be important for consciousness for many
years,[23–28] Interestingly however, in patients with epilepsy, loss
of consciousness was reported to display the opposite trend.[29]

Additionally, we propose that the behavioral effects of morning
sleep inertia— the grogginess upon waking, that temporarily im-
pairs cognitive performance but fades with time awake[30]—may
reflect variability in the timing and progression of the awakening
process. Thus, we were interested in examining the long tem-
poral dynamics both before and after the awakening. Given that
sleep andwakefulness can exhibit local changes, it is important to
investigate the period leading up to the awakening. Additionally,
considering that sleep inertia may imply lingering changes in the

minutes following awakening, exploring this time frame is essen-
tial for a comprehensive understanding of the whole awakening
process. Here we investigated in detail the characteristics of the
neural correlates of the process of awakening. We provide the
temporal dynamics of local cortical spectral property attributes
and network connectivity changes in the high frequency bands
with respect to the preceding sleep stage. More specifically, we
i) analyzed the amplitude-sensitive high frequency spectral con-
tent and the amplitude-insensitive phase connectivity content of
the final morning awakening from 15 min prior to and 15 min
after the awakening, ii) compared these changes to normal wake-
fulness and stable preceding sleep, and iii) compared these high
frequency changes to those of traditional bands in order to ob-
tain a complete picture on how the human brain awakens in the
morning.

2. Results

We analyzed the morning awakenings of 18 patients with
drug-resistant focal epilepsy who underwent simultaneous
polysomnography (PSG) and SEEG electrode implantations as
part of their pre-surgical epilepsy evaluation. We assessed the lo-
cal changes in power and connectivity that occur during the awak-
ening process in various brain regions and networks. We exam-
ined all SEEG channels deemed healthy by an epileptologist, as
well as those determined to be in the gray matter, totaling 695
channels (38.6 ± 33.4 per patient). We focus on high-frequency
bands but test all bands to evaluate the specificity of the findings,
for every region or for every network (Figure 1; Figures S1, S2;
and Table S1, Supporting Information) with sufficient coverage
(≥3 patients and 5 channels). We report data from 7 patient awak-
enings from NREM sleep and 11 from REM sleep. Finally, we re-
port results for 6 regions and 5 networks for NREM awakenings,
and 14 regions and 7 networks for REM awakenings (Figure 1;
Figures S1, S2, and Table S1, Supporting Information).
All analysis is performed at the channel level to mitigate any

confounding factors between patients or regional differences.
First, the time of scalp awakening (SA) is determined visually by
a board-certified neurophysiologist for each patient using scalp
EEG. In the second step, the signal is analyzed 15 min prior to
and 15 min after that time (Figure 2). We assessed this period
and compared it to reference distributions (RD) of full wakeful-
ness (wRD) and prior sleep (sRD). We are interested in determin-
ing when each region or network “wakes up”, i.e., if there is lo-
cal sleep or wakefulness that might be different from the global
state and if so when it changes. For this purpose, we assess when
the signal diverges out of the bounds of sleep and when it con-
verges back to the bounds of wakefulness (see Experimental Sec-
tion). Thus, we aim to identify a time point, which we named in-
tracranial awakening (IA) times, for each region or network from
which we can safely say that the signal is no longer within the
bounds of sleep, and a time point where it will be back within the
bounds of wakefulness. After having identified these time points,
we assess segments prior to the convergence back to wakefulness
and segments after the divergence from sleep. We assess them
to further validate the statistical differences using the Wilcoxon
rank sum test with a Benjamini-Hochberg correction, effect sizes
using Cliff’s Delta, and overall magnitude differences between
these periods compared to sleep or wakefulness using a relative
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Figure 1. Available coverage in the regional and network atlases. A) All available healthy channels from all patients. B) Regional coverage in the MICCAI
17 anatomical atlas. C) Coverage of the networks in the Yeo 7 atlas. The color gradient indicates the number of channels across all patients in each
region.

deviation from the RD (see Experimental Section). This is done
to not only give an estimated time of local awakening but also to
assess the level of change during this process. The final morning
awakening spectral content was estimated usingWelch’s method
and phase connectivity properties using the phase locking value
(PLV). This was done for each patient, spanning from 15 min be-
fore to 15 min after the awakening (Figure 2). Results reported
below are for bands, regions, and networks that displayed sig-
nificant changes (Tables 1–4, for a full description of the results
for all the bands, regions, and networks please refer to the Sup-
porting information (Tables S2–S5, Supporting Information). IA
times in relation to the wakefulness baseline remained largely
(90%) identical when the wRD was constructed using segments
from the late afternoon or the morning, and were all between
5–10 s (Tables S2–S5, Supporting Information). Spurious spikes
detections accounted for <1% of the signal, and the results did
not change with or without the removal of spurious spikes.

2.1. Awakenings from NREM Sleep are Associated with
Widespread Power Changes

Awakening from NREM sleep was associated with spectral
changes in multiple bands and regions, with heterogeneous IA
times compared to the SA (Table 1). Awakening from NREM
displayed a power increase in the high ripple band in the su-
perior, middle, and orbital frontal gyri and anterior part of the
inferior frontal gyrus, the insula, the central operculum, the op-
ercular part of inferior frontal gyrus, the superior parietal lobule,
the middle and inferior temporal gyrus, temporal pole, planum
polare, and the inferior parietal lobule (Figure 3). The relative de-
viation from sRD ranged between 14–44% (d = 0.02–0.66; p <

0.01) and started between 50 to 235 s after the SA. The relative
deviation from wRD ranged between 21–90% (d = 0.05–0.74; p <
0.01) in the high ripple band and terminated between 235 to 40 s
before the SA.
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Figure 2. The overall scheme of the analysis process. A) Preprocessing involves several steps. i) The awakening signals from 15min before to 15min after
the scalp awakening (SA) were taken, as well as baseline segments from the previous sleep from−15 to−10min before the SA, and wakefulness from the
prior day. These baseline segments were then furthered bootstrapped. ii) Analysis was performed in each frequency band to assess the spectral properties
using Morlet wavelet, this was done for each contact, and then all the channels were grouped using the MICCAI 17 atlas. In addition, connectivity was
estimated using phase locking value (PLV) for each available channel pair within the same network, or between two different networks available, in the
Yeo 7 networks atlas. A similar analysis (power and PLV) was also applied to every bootstrapped baseline segment, therefore creating two normative
reference distributions (RD), one from the previous sleep (sRD) and one from wakefulness (wRD). iii) Then, in addition to the original power/PLV,
we also estimated their corresponding percentiles in comparison with the sRD and the wRD. iv) The original power/PLV and the percentile signals
were combined using a weighted median for all channels and patients within a given region or network. v) The final signals for analysis are presented.
The original power/PLV signal and two categorized percentiles signals one with respect to the sRD and one with respect to the wRD. The categorized
percentiles are labelled as above 95% (red) within 5–95% (green) and below 5% (blue). B) Description of the awakening process of the i) power or PLV
every 5 min for each available region/network, as well as an example of the continuous temporal changes in one region or network (in this example
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the frontal lobe) with a shaded interquartile in the region. ii) The categorized percentile with respect to the sRD and iii) the categorized percentile with
respect to the wRD. An example of the corresponding continuous changes in the representative lobe is also shown. The points where the percentile
diverges from the sRD and converges to the wRD are marked as the intracranial awakening (IA) points. C) Evaluation of the awakening was done from
(1) the time before the power/PLV converges to wRD and (2) after it diverges from the sRD, marked by the IA time points, i.e., the wakefulness IA and
the sleep IA. A channel level analysis was conducted using a Wilcoxon rank sum test with a Benjamini-Hochberg false discovery rate correction. Then,
we calculated the relative deviation from the RD as the weighted median (WM) of the percentage difference at the channel level between the median
awakening signal to the median RDs.

As expected, lower frequencies in the delta band (Figure
S3, Supporting Information) displayed a widespread decrease
during the awakening process, involving all regions. The relative
deviation from sRD ranged between 44–270% (d = 0.16–
0.80; p < 0.001) and started between 20 to 215 s after the SA.
The relative deviation from wRD ranged between 30–81% (d
= 0.35–0.86; p < 0.001) terminating between 30 to 65 s before
the SA. In addition, a theta and alpha decrease, and a beta
increase were observed mainly in frontal regions during the
awakening process (Table 1). The awakening process showed
a correlation between the power of scalp EEG at positions Fz
or Cz and intracranial EEG, primarily in the frontal neocortex
at low frequencies, during awakening from NREM sleep. As
expected, there was no correlation with remote regions or struc-

tures situated deep in the brain (Tables S7 and S8, Supporting
Information).

2.2. High Frequency Phase Connectivity Increased in the Multiple
Networks During the Awakening from NREM Sleep

We then further explored and assessed the phase connectivity
content of the awakening from NREM sleep within and between
all available networks of the Yeo 7 network atlas. Connectivity-
wise, awakening from NREM showed maximal changes occur-
ring in only one or two frequency bands, mostly within the
ripple bands (Table 2). Connectivity increased during the awaken-
ing fromNREM in the high ripple band within the somatomotor,
default, dorsal attention, and frontoparietal networks (Figure 4).

Table 1. Spectral density results of awakening from NREM sleep. Reported here are spectral results for all bands which displayed a significant difference
between the awakening process to the wakefulness or sleep reference distributions (wRD and sRD respectively). The results are presented as the time
in seconds from the intracranial awakening (IA) when compared to the RDs. Times are given for the convergence to the wRD and the divergence from
the sRD. The difference between the awakening process and the RD prior to convergence or after the divergence was tested on the channel level for
all channels in the region using a paired Wilcoxon test and assessed with Cliff’s d. The magnitude of the difference between the awakening process to
the RDs is reported as relative deviation, which is the change in percentage compared to the RDs. The direction of change is represented as ↑↓ if the
time after the awakening corresponded to an increase ↑ or decrease ↓ when compared to the reference distribution. Note: 1 only significant bands and
regions are reported (p < 0.05 after correction for performing of multiple comparisons).

Region NREM

Relative deviation from wRD Relative deviation sRD

Inferior parietal lobule delta −30s (↑ 77–81%; d = 0.77-86; p < 0.001) delta 45s (↓95–270%; d = 0.59–0.80; p < 0.001)

theta 350s (↓ 77–83Y%; d = 0.23–0.33; p < 0.01)

low gamma 50s (↑ 24–33%; d = 0.19–0.31; p < 0.01)

theta −40s (↑ 55–61%; d = 0.47–0.49; p < 0.001) low ripple 200s (↑ 35–47%; d = 0.25–0.35; p < 0.01)

high ripple 150s (↑ 23–44%; d = 0.26–0.66; p < 0.001)

Central operculum and opercular
part of inferior frontal gyrus

delta −65s (↓ 30–63%; d = 0.35–0.45; p < 0.001) delta 215s (↑ 124–165%; d = 0.46–0.53; p < 0.01)

high ripple −40s (↓ 55–60%; d = 0.05–0.08; p < 0.01) low ripple 230s (↑ 13–22%; d = 0.03–0.26; p < 0.001)

high ripple 235s (↑ 14–34%; d = 0.12–0.16; p < 0.01)

Superior, middle, and orbital
frontal gyri and anterior part of
inferior frontal gyrus

delta −30s (↓ 40–46%; d = 0.39–0.48; p < 0.001) delta 45s (↓ 118–165%; d = 0.38–0.55; p < 0.001)

Beta 30s (↑ 11–25%; d = 0.03-0.13; p < 0.01)

beta −45s (↓ 39–59%; d = 0.16-24; p < 0.001) low gamma 65s (↑ 9–13%; d = 0.04–0.09; p < 0.01)

high
gamma

230s (↑ 9–19%; d = 0.08–0.09; p < 0.001)

high ripple −40s (↓ 62–69%; d = 0.38–0.52; p < 0.001) low ripple 190s (↑ 15–39%; d = 0.14–0.23; p < 0.01)

high ripple 50s (↑ 17–30%; d = 0.38–0.49; p < 0.001)

Insula high ripple −40s (↓ 80–90%; d = 0.11–0.13; p < 0.01) delta 40s (↓ 77–105%; d = 0.16–0.24; p < 0.01)

high ripple 230s (↑ 27–33%; d = 0.02–0.13; p < 0.01)

Superior parietal lobule high ripple −215s (↑ 21–51%; d = 0.34–0.74; p < 0.001) delta 45s (↓ 56–161%; d = 0.53–0.55; p < 0.001)

high ripples 50s (↑ 23–44%; d = 0.09–0.66; p < 0.001)

Middle and inferior temporal
gyrus, temporal pole, and
planum polare

high ripple −235s (↓ 21–24%; d = 0.24–0.48; p < 0.001) delta 20s (↓ 44–69%; d = 0.42–0.53; p < 0.001)

low gamma 50s (↑ 6–14%; d = 0.14–0.18; p < 0.001)

low ripple 50s (↑ 18–28%; d = 0.11–0.26; p < 0.01)

high ripple 50s (↑ 19–24%; d = 0.06–0.23; p < 0.01)
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Table 2. Phase connectivity results of awakening from NREM. Reported here are phase locking value (PLV) results for all bands which displayed a
significant difference between the awakening process to the wakefulness or sleep reference distributions (wRD and sRD respectively). The results are
presented as the time in seconds from the intracranial awakening (IA) when compared to the RDs. Times are given for the convergence to the wRD and
the divergence from the sRD. The difference between the awakening process and the RD prior to convergence or after the divergence was tested on the
channel level for all channels-pairs within a network or between two different networks, using a paired Wilcoxon test and assessed with Cliff’s d. The
magnitude of the difference between the awakening process to the RDs is reported as relative deviation, which is the change in percentage compared
to the RDs. The direction of change is represented as ↑↓ if the time after the awakening corresponded to an increase ↑ or decrease ↓ when compared to
the reference distribution. ND- never diverged from the RD in any frequency band. Note: only significant bands and regions are reported (p < 0.05 after
correction for performing of multiple comparisons).

Network NREM

Relative deviation from wRD Relative deviation from sRD

Somatomotor high ripple −20s (↓ 119–124%; d = 0.83–0.85; p < 0.001) high ripple 230s (↑ 20–29%; d = 0.15–0.78; p < 0.001)

Somatomotor -Ventral attention high ripple −40s (↓ 153–188%; d = 0.65–0.68; p < 0.001) high ripple 255s (↑ 20–28%; d = 0.25–0.82; p < 0.001)

Somatomotor -Frontoparietal ND high ripple 370s (↑ 20–44%; d = 0.20–0.66; p < 0.001)

Somatomotor – Default high ripple −20s (↓ 229–288%; d = 0.70–0.72; p < 0.001) high ripple 390s (↑ 16–35%; d = 0.35–0.76; p < 0.001)

Dorsal attention high ripple −345s (↓ 29–56%; d = 0.79–0.83; p < 0.001) low ripple 50s (↑ 18–32%; d = 0.13–0.32; p < 0.001)

high ripple 95s (↑ 48–61%; d = 0.34–0.61; p < 0.001)

Dorsal attention – Frontoparietal ND beta 110s (↓ 9–11%; d = 0.17–0.30; p < 0.001)

low ripple 80s (↑ 25–29%; d = 0.41–0.46; p < 0.001)

high ripple 45s (↑ 49–51%; d = 0.29–0.56; p < 0.001)

Dorsal attention – Default ND beta −95s (↓ 8–27%; d = 0.13–0.33; p < 0.001)

low ripple 50s (↑ 18–23%; d = 0.26–0.39; p < 0.01)

Default ND low ripple 220s (↑ 12–17%; d = 0.15–0.17; p < 0.001)

high ripple 200s (↑ 50–59%; d = 0.23–0.35; p < 0.001)

Default – Ventral attention high ripple −40s (↓ 125–147%; d = 0.10–0.22; p < 0.01) low ripple 350s (↑ 12–24%; d = 0.20–0.22; p < 0.01)

high ripple 240s (↑ 18–22%; d = 0.11–0.16; p < 0.001)

Default – Frontoparietal ND beta 55s (↓ 3–20%; d = 0.07–0.13; p < 0.001)

high ripple 380s (↑ 13–18%; d = 0.53–0.54; p < 0.001)

Frontoparietal ND high ripple 45s (↑ 34–40%; d = 0.77–0.79; p < 0.001)

The relative deviation from sRD ranged between 20–61% (d
= 0.15–0.79; p < 0.001) and started between 45 to 230 s after
the SA. The relative deviation from wRD within the somatomo-
tor and dorsal attention networks ranged between 29–124% (d
= 0.79–0.85; p < 0.001), and terminated 20 to 345 s prior to the
SA. Furthermore, connectivity increased in the ripple bands be-
tween the following networks: somatomotor and ventral atten-
tion network, frontoparietal and default mode network, dorsal
attention and both the frontoparietal network and default mode
network, and both the ventral attention and frontoparietal net-
works. The relative deviation from sRD ranged between 12–59%
(d = 0.13–0.78; p < 0.01) and started between 45 to 390 s after
the SA. The relative deviation from wRD ranged between 125–
288% (d = 0.10 –0.72; p < 0.001) and terminated 20 to 40 s prior
to the SA, but only between the somatomotor and ventral atten-
tion network, somatomotor network, and default mode network,
as well as between the default mode network and ventral atten-
tion network. Lastly, the connectivity of the beta bands showed
a minor decrease between the dorsal attention network and both
the frontoparietal and defaultmode network, and between the de-
fault mode network and frontoparietal network. The relative devi-
ation from sRD ranged between 3–27% (d= 0.07–0.33; p< 0.001)
and started between 95 s prior to the SA to 110 s after the SA.
Unexpectedly, no divergence from the wRD was observed during
the awakening process. Interestingly no significant changes in
the PLV connectivity were observed in any other frequencies.

2.3. Awakening from REM Sleep is Associated with a Widespread
Power Increase Exclusively in High Frequencies

The observation that high frequencies are associated with the
awakening fromNREM sleep raised the question of whether they
may also be involved in awakenings fromREM sleep. REM sleep,
unlike NREM sleep, is classically characterized by a “wake-like”
EEG signal. However, high frequencies are difficult to detect on
the scalp. In contrast, SEEG offers a unique opportunity to in-
vestigate local changes in high frequencies. Therefore, we also
explored the process of awakening from REM sleep.
Awakening from REM sleep was associated with a widespread

power increase almost exclusively in the low and high ripple
bands (Table 3). These increases were noted to occur widespread
over the brain (Figure 5, full list in Table 3). The relative deviation
from sRD ranged between 5–39% (d = 0.03–0.44; p < 0.01) and
started between 50 s prior to the SA to 260 s after the SA. The
relative deviation from wRD ranged between 36–88% (d = 0.02–
0.57; p< 0.01) and terminated 45 s before to 45 s after the SA, with
some regions failing to converge back. Interestingly, changes in
lower frequencies (delta, alpha, and beta) were minimal in most
regions, except in the inferior parietal lobule, medial and basal
temporal region, middle and inferior temporal gyrus, temporal
pole, planum polare, superior, middle, and orbital frontal gyri,
anterior part of inferior frontal gyrus, and the superior temporal
gyrus. This manifested as a relative deviation from sRD ranging
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Table 3. Spectral density results of awakening from REM sleep. Reported here are spectral results for all bands which displayed a significant difference
between the awakening process to the wakefulness or sleep reference distributions (wRD and sRD respectively). The results are presented as the time
in seconds from the intracranial awakening (IA) when compared to the RDs. Times are given for the convergence to the wRD and the divergence from
the sRD. The difference between the awakening process and the RD prior to convergence or after the divergence was tested on the channel level for all
channels in the region using a paired Wilcoxon test and assessed with Cliff’s d. The magnitude of the difference between the awakening process to the
RDs is reported as relative deviation, which is the change in percentage compared to the RDs. The direction of change is represented as ↑↓ if the time
after the awakening corresponded to an increase ↑ or decrease ↓ when compared to the reference distribution. ND- never diverged from the RD in any
frequency band, NC- never converged back the RD. Note that while the medial and basal temporal region never significantly converged to the wRD they
did show an upward trend. Note: only significant bands and regions are reported (p < 0.05 after correction for performing of multiple comparisons).

Region REM

wRD sRD

Anterior and middle
cingulate gyrus

low ripple −45s (↓ 41–47%; d = 0.31–0.33; p < 0.01) low ripple 260s (↑ 5–21%; d = 0.21–0.44; p <.01)

high ripple −40s (↓ 36–41%; d = 0.38–0.42; p < 0.01) high ripple 45s (↑ 5–22%; d = 0.22–0.29; p < 0.01)

Central operculum and
opercular part of
inferior frontal gyrus

high ripple −35s (↓ 59–62%; d = 0.16–0.22; p < 0.01) ND

Inferior parietal lobule low ripple 45s (↓ 42–47%; d = 0.11–0.27; p < 0.001) delta −350s (↓ 13–87%; d = 0.11–0.73; p < 0.001)

high ripple NC (↓ 40–65%; d = 0.02–0.28; p < 0.05) low ripple 165s (↑ 12–15%; d = 0.03–0.15; p < 0.01)

Insula high ripple ND high ripple 305s (↑ 5–17%; d = 0.17–0.25; p < 0.05)

Medial and basal
temporal region

high
gamma

NC (↓ 52–92%; d = 0.31–0.34; p < 0.001) delta −480s (↓ 13–72%; d = 0.30–0.42; p < 0.001)

low ripple NC (↓ 41–85%; d = 0.15–0.52; p < 0.001) low ripple 55s (↑ 13–19%; d = 0.30–0.31; p < 0.001)

high ripple NC (↓ 49–88%; d = 0.35–0.57; p < 0.01)

Medial frontal cortex low ripple 45s (↓ 37–40%; d = 0.18–0.19; p < 0.001) low ripple 35s (↑ 6–25%; d = 0.18–0.30; p < 0.01)

high ripple −40s (↓ 36–43%; d = 0.18–0.19; p < 0.001) high ripple 45s (↑ 12–26%; d = 0.09–0.12; p < 0.001)

Middle and inferior
temporal gyrus,
temporal pole, and
planum polare

high
gamma

−5s (↓ 46–50%; d = 0.22–0.23; p < 0.001) delta −405s (↓ 19–58%; d = 0.23–0.43; p < 0.001)

beta 25s (↑ 15–19%; d = 0.15–0.20; p < 0.001)

low ripple 10s (↓ 81–86%; d = 0.47–0.48; p < 0.001) high
gamma

75s (↑ 9–13%; d = 0.04–0.15; p <.001)

high ripple −10s (↓ 54–77%; d = 0.35–0.36; p < 0.001) low ripple −50s (↑ 18–24%; d = 0.20–0.44; p < 0.001)

high ripple −25s (↑ 22–27%; d = 0.24–0.34; p < 0.001)

Superior, middle, and
orbital frontal gyri and
anterior part of inferior
frontal gyrus

low ripple 0s (↓ 39–44%; d = 0.16–0.19; p < 0.001) delta −480s (↓ 37–87%; d = 0.16–0.57; p < 0.01)

high ripple 0s (↓ 39–42%; d = 0.12–0.14; p < 0.001) low ripple 55s (↑ 10–29%; d = 0.11–0.36; p < 0.001)

high ripple 50s (↑ 14–31%; d = 0.08–0.20; p < 0.001)

Superior temporal gyrus low ripple −30s (↓ 43–47%; d = 0.25–0.27; p < 0.001) alpha 50s (↑ 23–40%; d = 0.14–0.42; p < 0.001)

beta −40s (↑ 11–24%; d = 0.11–0.24; p < 0.001)

high ripple ND low ripple 55s (↑ 19–36%; d = 0.21–0.44; p < 0.01)

high ripple −20s (↑ 12–39%; d = 0.09–0.27; p < 0.001)

between 11–87% (d = 0.11–73; p < 0.01) starting between 480 s
before to 50 s after the SA, but never diverging from the wRD.

2.4. Connectivity Increases in the Ripple Bands within the
Default Mode, Dorsal Attention, Somatomotor, and
Frontoparietal networks During the Awakening from REM Sleep

We further investigated the phase connectivity content of the
awakening from REM sleep within and between all available net-
works in the Yeo 7 network atlas. This investigation revealed
that awakenings from REM were associated almost exclusively
with increases in the low ripple band across multiple networks
(Table 4).
When awakening from REM sleep, a widespread modest

increase in the low ripple band PLV was observed within the
limbic network and to a lesser degree, in the default mode, dorsal

attention, somatomotor, and frontoparietal networks (Figure 6).
This modest change in the relative deviation from sRD ranged
between 9–39% (d = 0.20–60; p < 0.001) and started late, diverg-
ing between 45 to 380 s after the SA. However, only the limbic
network differed from the wRD, displaying a relative deviation of
36–40% (d = 0.30–0.38; p < 0.001) terminating 40 s prior to the
SA, while other networks were not affected. We also observed
that between networks, there was a very widespread PLV increase
in the low ripple band in most, but not all network pairs. This
modest change in the relative deviation from sRD ranged be-
tween 2–56% (d = 0.07–78; p < 0.01) and started late, diverging
between 45 to 430 s after the SA. However, keeping in line with
the known similarities between wakefulness and REM sleep, the
phase connectivity in most networks did not differ from the wRD
during the awakening process. Notable exceptions were the high
ripple band, which showed a decrease in the PLV between the
limbic, somatomotor, visual, and ventral attention networks dur-
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Table 4. Phase connectivity results of awakening from REM. Reported here are phase locking value (PLV) results for all bands which displayed a significant
difference between the awakening process to the wakefulness or sleep reference distributions (wRD and sRD respectively). The results are presented as
the time in seconds from the intracranial awakening (IA) when compared to the RDs. Times are given for the convergence to the wRD and the divergence
from the sRD. The difference between the awakening process and the RD prior to convergence or after the divergence was tested, on the channel level
for all channels-pairs within a network or between two different networks, using a paired Wilcoxon test and assessed with Cliff’s d. The magnitude of
the difference between the awakening process to the RDs is reported as relative deviation, which is the change in percentage compared to the RDs. The
direction of change is represented as ↑↓ if the time after the awakening corresponded to an increase ↑ or decrease ↓ when compared to the reference
distribution. ND- never diverged from the RD in any frequency band. NC- never converged back to the RD. Note: only significant bands and regions are
reported (p < 0.05 after correction for performing of multiple comparisons).

Network REM

wRD sRD

Limbic low ripples −40s (↓ 36–40%; d = 0.30–0.38; p < 0.001) low ripples 50s (↑ 28–39%; d = 0.30–0.35; p < 0.001)

Limbic – Ventral attention ND low ripples 50s (↑ 21–24%; d = 0.34–0.44; p < 0.001)

Limbic – Visual high
ripples

NC (↑ 21–24%; d = 0.21–0.35; p < 0.001) high ripples 230s (↓ 6–7%; d = 0.20–0.23; p < 0.01)

Limbic – Somatomotor high
ripples

−455s (↑ 15–16%; d = 0.51-54; p < 0.001) low ripples 45s (↑ 22–23%; d = 0.31–0.41; p < 0.001)

Somatomotor – Ventral
attention

high
ripples

−75s (↑ 14–42%; d = 0.62–0.65; p < 0.001) low ripples 45s (↑ 21–22%; d = 0.14–0.38; p < 0.01)

Limbic – Visual high
ripples

NC (↑ 21–41%; d = 0.21–0.55; p < 0.001) low ripples 95s (↑ 25–26%; d = 41-47; p < 0.001)

Limbic – Default ND low ripples 45s (↑ 20–24%; d = 0.35–0.41; p < 0.001)

high ripples 390s (↑ 14–19%; d = 0.02–0.29; p < 0.001)

Limbic – Frontoparietal ND low ripples 45s (↑ 28–39%; d = 0.30–0.38; p < 0.001)

Default ND low ripples 45s (↑ 18–34%; d = 0.27–0.51; p < 0.001)

high ripples 440s (↑ 11–14%; d = 0.05–0.21; p < 0.001)

Default- Dorsal attention ND low ripples 50s (↑ 9–16%; d = 0.37–0.67; p < 0.01)

Default – Ventral attention ND low ripples 50s (↑ 14–19%; d = 0.27–0.41; p < 0.01)

Default – Somatomotor ND low ripples 50s (↑ 18–28%; d = 0.30–0.45; p < 0.001)

high ripples 80s (↓ 8–17%; d = 0.09–0.21; p < 0.001)

Default – Visual ND low ripples 430s (↑ 19–31%; d = 0.51–0.78; p < 0.01)

Default – Frontoparietal ND low ripples 275s (↑ 13–23%; d = 0.27–0.39; p < 0.001)

Dorsal attention ND low ripples 280s (↑ 22–25%; d = 0.38–0.60; p < 0.001)

Dorsal attention – Limbic ND low ripples 80s (↑ 31–56%; d = 0.35-37; p < 0.001)

Dorsal attention – Ventral
attention

ND low ripples 345s (↑ 10–23%; d = 0.23-53; p < 0.001)

Dorsal attention – Frontoparietal ND low ripples 45s (↑ 14–49%; d = 0.27-51; p < 0.001)

Visual high
ripples

−70s (↓ 20–40%; d = 0.59–0.61; p < 0.001) ND

Visual – Somatomotor high
ripples

NC (↑ 75–81%; d = 0.92–0.95; p < 0.001) low ripples 225s (↑ 24–39%; d = 0.31–0.51; p < 0.01)

Somatomotor ND low ripples 50s (↑ 14–21%; d = 0.20–0.47; p < 0.001)

Somatomotor- Dorsal attention ND low ripples 275s (↑ 23–41%; d = 0.44–0.77; p < 0.001)

Somatomotor – Frontoparietal ND low ripples 50s (↑ 18–35%; d = 0.26–0.49; p < 0.001)

high ripples 485s (↓ 2–14%; d = 0.07–0.13; p < 0.01)

Ventral attention –
Frontoparietal

ND low ripples 245s (↑ 4–15%; d = 0.15–0.33; p < 0.001)

Frontoparietal ND low ripples 380s (↑ 9–27%; d = 0.27–0.39; p < 0.001)

ing the awakening process. This decrease wasmainly apparent in
relation to the wRD having a relative deviation ranging between
14–81% (d= 0.21–95; p< 0.01). This change terminated between
75 to 455 s prior to the SA, however, some connections never con-

verged back to the wRD. In addition, the PLV within the visual
network increased during the process in relation to the wRD,
only showing a relative deviation ranging between 20–40% (d
= 0.59–61 p < 0.01). This change terminated 70 s prior to the SA.
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Figure 3. Spectral power in the high ripple band increases upon awakening from NREM sleep. A) Power from every available region across the brain
is shown from 15 min before to 15 min after the scalp awakening (SA), along with a regional example of the power with a quartile range as the shaded
area, and the respective intracranial awakening times for the sleep reference distribution (sRD) and the wakefulness RD (wRD). B) The overall percentile
power in relation to the sRD is presented for every region along with the same regional example as a bar. C) The overall percentile power in relation
to the wRD is presented for every region with the same regional example as a bar. Note: Power represents the weighted median power in each region,
normalized across the entire brain. The reference distribution percentiles are based on the weighted median in each region, which are then categorized
as >95%, within 5–95%, or < 5%. Continuous power examples and comparisons to wakefulness and sleep reference distributions are illustrated for the
superior, middle, and inferior frontal regions. Deviations < 5% or >95% percentiles are deemed significant. Regions included in the example are the
superior, middle, and orbital frontal gyri, the anterior part of the inferior frontal gyrus, the insula, the central operculum, the opercular part of the inferior
frontal gyrus, the superior parietal lobule, the middle and inferior temporal gyrus, temporal pole, planum polare, and the inferior parietal lobule. Data
was presented for 6 patients from a total of 118 channels, ranging between 15–32 per region (Full description in Table S1A, Supporting Information).

3. Discussion

Awakening is a complex heterogeneous process that terminates
the sleep period. Here we examined the phenomenon of the
awakening process from a local perspective using SEEG from
multiple brain regions. Using depth electrodes, we acquired
not only high spatial resolution recordings but also high-quality
recordings while avoiding contamination by muscle artifacts as
often encountered in scalp EEG recordings during body move-
ments, as typically present during awakenings. We leveraged
these inherent advantages of SEEG to examine the awakening
process, which for the first time is being evaluated for its high fre-
quency content. This is of particular interest given the tight link
between high frequencies and cognitive processes.[31] Our results
demonstrate: i) the association of fast frequencies in the process
of awakening, ii) some regional differences might be influenced
by the prior sleep stage, and iii) the spatio-temporal heterogene-
ity of awakening from both a spectral and a phase connectivity
point of view.
Our results show that high frequencies in the ripple

range >80 Hz are associated with the process of awakening
(Figures 3–6). These results are in line with the known asso-
ciation between fast frequencies and cognition,[8] as well as
consciousness,[9] which forms the essence of the transition
from sleep to wakefulness. Assessing high frequencies poses
challenges without high quality, low noise, and high sampling

rate recordings. We suspect that this is the reason that to date,
the investigation of awakenings has not been able to capture
the contribution of high frequency activity. Nevertheless, when
an attempt was made to investigate the sleep-wake cycle and
cognition using SEEG, it revealed the involvement of the low
gamma band.[32] We observed that both the spectral content
(Figures 3 and 5) as well as the phase connectivity of high
frequencies (Figures 4 and 6) increased during the awakening
process. Our spectral results correspond to a recently described
high frequency index which was able to discriminate between
NREM, REM, and wakefulness in rats.[33] In our case, the
spectral content of high frequencies gradually increased during
the awakening process. In addition, the connectivity increase
during the awakening process aligns with previous findings that
showed higher connectivity in wakefulness compared to NREM
in the low ripple band using another phase-based connectivity
metric (weighted phase lag index).[34] Our results, which demon-
strate an association between increased higher frequencies and
awakening, align with accumulating evidence suggesting that
higher frequencies play a critical role in consciousness.[35–37]

These findings might support the idea that changes in high-
frequency activity are key during the transition from sleep
to wakefulness. When NREM parasomnias were investigated
using SEEG, it was observed that the interplay between high
frequencies (>20 Hz) and delta activity appears to be associated
with the level of conscious awareness.[38] Furthermore, another

Adv. Sci. 2025, 12, 2409608 2409608 (9 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 4. Phase connectivity within networks in the high ripple band increases with awakening from NREM. A) Phase locking value (PLV) within each
available network in the brain is shown from 15 min before to 15 min after the scalp awakening (SA), along with a network example from every available
network. Quartile ranges are represented by the shaded area. The respective intracranial awakening times for sleep reference distribution (sRD) and
wakefulness RD (wRD). B) The overall PLV percentile in relation to the sRD within every network is complemented by a network example in the bar.
C) The overall PLV percentile in relation to the wRD is presented by the bar, with an accompanying network example above. Note: PLV represents the
weighted median power within each network. The reference distribution percentiles are based on the weighted median within each network, which
are then categorized as >95%, within 5–95%, or < 5%. Continuous PLV examples and comparisons to wakefulness and sleep reference distributions
are illustrated for the somatomotor network. Deviations below the 5% or above the 95% percentiles are deemed significant. Included networks are:
somatomotor, dorsal attention, frontoparietal, and the default mode network. Data was presented for 6 patients from a total of 178 channels, ranging
between 5–43 per network (Full description in Table S1B, Supporting Information).

recent study that used SEEG to investigate the connectivity
of transient high frequencies oscillations in wakefulness and
NREM sleep demonstrated a similar widespread synchroniza-
tion across different regions.[39] We opted to use ripple band
activity rather than individual ripple events in order to assess
the progressive change in the signal in all the frequency bands
with a consistent methodology. In addition, it would be difficult
to assess just using ripple rates due to their high variability and
sparsity of≈3± 3 permin−1.[39] Our findings of increases in high
frequencies might be in line with past investigations into dream-
ing which also reported such associations.[24] suggest shared
neural dynamics between awakening and dream-related pro-
cesses. In addition, due to the various timing of changes in high
frequencies, some of which occur before the scalp awakening
when the patient still is behaviorally asleep, and due to the lack
of large-scale cross-band activity (specifically the absence of
changes in the beta band), we believe that our results reflect a
real process taking place during the awakening process and are
not solely the result of movement artifacts.
Awakenings from NREM and REM sleep display different pat-

terns, with the awakening process being influenced by the prior
sleep stage (NREM or REM), both in terms of spectral and con-
nectivity content. Spectrally, awakenings from NREM required
changes in multiple bands, with lower bands decreasing and
high frequency bands increasing. Awakenings from REM con-
sisted mainly of an increase in the gamma-ripple bands. Inter-
estingly, awakenings fromREM, which are classically hard to dis-
tinguish fromwakefulness using scalp EEG alone,[40] displayed a

widespread increase in the ripple bands and only a few changes
in lower frequencies (Table 3).
Previous investigations using scalp EEG have shown an in-

crease in delta activity in the first few minutes after awakening
from NREM and REM compared to pre-sleep wakefulness.[5,6] In
contrast, our results showed a gradual decrease in delta power
which converged to wakefulness tens of seconds prior to SA. We
suggest that this discrepancy may be explained by differences in
definitions of when divergence/convergence are determined. In
our study, we employed a stricter definition requiring the sig-
nal to be within the 5–95% percentile to be considered as di-
vergence/convergence, as opposed to accepting any statistically
significant change. Spatially, we observed changes in the delta
band in the frontal, partial, and medial regions. While these re-
sults concur with that of previous studies,[5,6] we did not have
enough sampling of occipital channels to assess the changes in
delta previously reported.[6] It was also reported that beta activity
post-awakening fromREM, and to a lesser extent fromNREM,[41]

was lower compared to pre-sleep wakefulness.We observed these
beta power changes during awakening from NREM in the su-
perior, middle, and orbital frontal gyri, and the anterior part of
the inferior frontal gyrus region, as well as during awakenings
from REM in temporal parietal regions. In addition, the obser-
vation of significant differences in high frequency activity be-
tween REM sleep and wakefulness at the moment of awaken-
ing aligns with earlier findings from high-density EEG studies.
These studies reported more extensive variations in beta power
(12–20 Hz) compared to delta power (1–4 Hz, primarily local-
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Figure 5. Spectral power in the high ripple band increases upon awakening from REM sleep. A) Power from every available region across the brain is
shown from 15 min before to 15 min after the scalp awakening (SA), along with a regional example of the power with a quartile range as the shaded
area, and the respective intracranial awakening times for sleep reference distribution (sRD) and wakefulness RD (wRD). B) The overall percentile power
in relation to the sRD is presented for every brain region, complemented by the same regional example as a bar. C) The overall percentile power in
relation to the wRD is presented for every brain region with the same regional example as a bar. Note: Power represents the weighted median power in
each region, normalized across the entire brain. The reference distribution percentiles are based on the weighted median in each region, which are then
categorized as over 95%, within 5–95%, or below 5%. Continuous power examples and comparisons to wakefulness and sleep reference distributions are
illustrated for the middle and inferior temporal gyrus, temporal pole, and planum polare regions. Deviations below the 5% or above the 95% percentiles
are deemed significant. Included regions are: medial occipital lobe, medial and basal temporal region, medial parietal lobe, superior parietal lobule,
superior temporal gyrus, medial frontal cortex (including medial segment of superior frontal gyrus), inferior parietal lobule, superior, middle, and orbital
frontal gyri and anterior part of inferior frontal gyrus, insula, middle and inferior temporal gyrus, temporal pole, and planum polare, anterior and middle
cingulate gyrus, frontal operculum, medial and basal temporal region, transverse temporal gyrus and planum temporale. Data was presented for 12
patients from a total of 525 channels, ranging between 8–127 per region (Full description in Table S1A, Supporting Information).

ized to sensory cortices) during consistent periods of REM sleep
versus wakefulness.[42] We can speculate that the reason more
spectrally wide changes occur in awakenings from NREMmight
be because NREM is more impaired during NREM[43,44] thus re-
quiring more changes to return to full consciousness. The ob-
served increase in high frequency activity during awakeningmay
be linked to cognitive recovery and sleep inertia. Disruptions in
this activity could underlie the cognitive impairments of sleep
inertia. The availability of multiple nights with a clear morn-
ing awakening of the same patient using sEEG was not avail-
able. We are unable to compare directly NREM and REM due
to the lack of availably of awakenings from both stages within
the same patient. Thus, future research is needed to assess the
full effect of the differences between awakening fromNREM and
REM.
Recently, more evidence has accumulated to support the role

of connectivity within the different brain networks in facilitating
transitions between sleep and wakefulness.[45,46] We wanted to
explore these differences during the awakening process. From a
phase connectivity perspective, we found that awakening from
NREM showed a focal change almost exclusively in the low and
high ripple bands (Table 2). This was most apparent within net-
work phase connectivity in the somatomotor, default mode net-
work, and dorsal attention networks (Figure 4), as well as in the

connectivity between these networks. However, not all networks
participated, with some networks never displaying any signifi-
cant changes during the process. When awakening from REM
sleep, phase connectivity changes were mainly observed in the
low ripple band (Table 4) and were prominent mainly in the lim-
bic network (Figure 6), as well as other networks such as the de-
fault mode network. We opted to show the most prominent re-
sults for each analysis. In Figure 6, we present the results from
the low ripple band. Our phase connectivity results align with
EEG-fMRI findings, showing that awakenings result in a differ-
ent correlation connectivity pattern depending on the prior sleep
stage,[15,17,47] particularly within the default mode network.[15,48]

In addition, we expanded these findings by exploring higher fre-
quencies that are not accessible using fMRI and were able to
demonstrate their role in the waking process. We observed a
similar upward trend in both power and phase-based connectiv-
ity in the ripple band; however, this similarity did not extend to
other bands. Further research is needed to elucidate this con-
nection, which has also been observed for transient high fre-
quency oscillations.[39] On top of that, we focused on morning
awakenings rather than awakenings from a short nap as they
are more representative of the full phenomena of human sleep.
Two recent seminal studies[13,14] on awakening using EEG-fMRI
discovered that the thalamocortical connection preceded the
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Figure 6. Phase connectivity within networks in the high ripple band increases with awakening from REM. A) Phase locking value (PLV) within each
available network in the brain is shown from 15 min before to 15 min after the scalp awakening (SA), along with a network example from every available
network. Quartile ranges are represented by the shaded area. The respective intracranial awakening times for sleep reference distribution (sRD) and
wakefulness RD (wRD) B) The overall PLV percentile in relation to the sRD within every network complemented by a network example in the bar. C)
The overall PLV percentile in relation to the wRD is presented by the bar, with an accompanying network example above. Note: PLV represents the
weighted median power within each network. The reference distribution percentiles are based on the weighted median within each network, which are
then categorized as >95%, within 5–95%, or < 5%. Continuous PLV examples and comparisons to wakefulness and sleep reference distributions are
illustrated for the limbic network. Deviations below the 5% or above the 95% percentiles are deemed significant Networks include: visual, limbic, dorsal
attention, ventral attention, somatomotor, and default mode. Data was presented for 12 patients from a total of 513 channels, ranging between 5–43
per network (Full description in Table S1B, Supporting Information).

scalp awakening. However, we were unable to confirm these find-
ings due to a lack of thalamic recordings in our cohort. The more
spectrally restricted signature of REM awakening, focused on in-
creases in high frequencies, may suggest that different states of
consciousness require distinct alterations to transition back to
regular wakefulness. Future research is needed to further clarify
the potential effects of circadian rhythm on spectral and connec-
tivity dynamics, particularly given its demonstrated influence on
sleep inertia.[49–51]

Awakening is a heterogeneous process. We observed a high
degree of spatial and temporal variability during awakenings
(Tables 1–4). This spatial heterogeneity adds information on the
regional variability of wakefulness[52] and sleep.[11] However, the
temporal heterogeneity that we observed demonstrates that the
global phenomenon of the transition between sleep to wakeful-
ness, as reflected using scalp EEG, is not uniform, and does not
follow a clear gradient as seen, for example, for NREM to REM
sleep transitions.[53]

The boundaries between sleep and wakefulness appeared
fluid.When evaluating the awakening process, there are twoways
to examine it: one as a temporal change from sleep, i.e., compar-
ing it to the immediate time prior to wakening, and second, as its
difference to full wakefulness, i.e., comparing it to resting state
fromwakefulness. In order to address both of these questions, we
performed a continuous comparison at each time point to both
the sRD from −15 to −10 min prior to the SA, and to the wRD
taken from the previous day. This allowed us to assess both the

signal transition from sleep to wakefulness, as well as to deter-
mine when we returned to the bounds of normal wakefulness.
Throughout the results, we noticed a discrepancy between the
IAs of the wRD and the sRD. This may be explained by an ex-
pected overlap in the boundaries between all ranges of wakeful-
ness activity and the boundaries of sleep. We postulate that these
edges might reflect the overlapping boundaries of the different
states of consciousness. This might be related to the notion of
local regulation of consciousness, in which different states such
as sleep and wakefulness can co-occur in different brain regions
at the same time.[12,54,55] The later can also explain our observa-
tion that some brain regions never diverged from wakefulness
or never converged back to it. We suggest that higher frequen-
cies, although not exclusively, might play a role in facilitating
the transition between sleep and wakefulness without ever ex-
ceeding any boundaries. In addition, awakening from REM did
not converge within the 30 min to the wRD in one area (me-
dial and basal temporal region), perhaps as more time might
be needed for it to return back to normal wakefulness, poten-
tially contributing to the behavioral phenomena of sleep inertia.
In addition, wakefulness[56] and arousal states[57] are heteroge-
neous processes with many different patterns of activity occur-
ring within them, as reflected in the EEG. This variability may
cause the wRD to have a wide range of possible activities since
the segments used were from daily life rather than a controlled
environment. This, in turn, suggests that it is more difficult to
diverge from our wRD, especially with a strict 5–95% threshold.
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This may explain why some regions showed changes in relation
to the sRD but did not show changes in relation to the wRD. Fu-
ture research is needed to better control for different sensory in-
puts, times, and environments of the wakefulness distribution in
order to further parse which activities diverge and which do not.
Variability between patients was visible in different regions and
networks at specific time points. Future research with a larger
sample size is needed to untangle these differences with respect
to visual and auditory inputs.
Our study has the following limitations. One inherent issue of

SEEG is its limited sampling of the brain, which means that we
do not have complete brain coverage for each sleep stage lead-
ing up to awakenings. To address this limitation, we aggregated
the results across all available channels obtained from all pa-
tients and then grouped them using an atlas. However, this still
limits our ability to directly compare NREM and REM awaken-
ings as we have different coverage with their respective patients,
which may not share all regions and networks. We were also un-
able to control directly for the circadian rhythm when selecting
for the control segment however we chose them from the same
part of the day. Moreover, this approach is limited to subcortical-
cortical connections such as thalamo-cortical, which are not usu-
ally implanted. In addition, this aggregation may lead to under-
detection of small effects, as they are more likely to be overshad-
owed by inter-patient variability. Obtaining human SEEG record-
ings is restricted to epileptic patients undergoing SEEG during
pre-surgical evaluations in a clinical setting. Also, patients are
usually on antiseizure medication that can impact sleep archi-
tecture. Finally, epilepsy itself causes changes to the EEG beyond
epileptic spikes and can go along with comorbid sleep disorders.
To address this concern, we carefully deselected all channels with
abnormal EEG activity following a strict protocol to address this
issue as effectively as possible. To the best of our knowledge, all
of the awakenings are spontaneous awakenings. That being said,
data were recorded in a clinical epilepsy monitoring unit setting
and not a sleep laboratory so that external noise resulting in some
of the awakenings cannot be totally excluded. However, we be-
lieve that finding reproducible effects speaks against the fact that
different types of awakenings were included. Direct comparisons
betweenNREMandREMwithin individual patients were not fea-
sible due to the study’s limited duration, which allowed for only a
single night of sleep analysis. Comparisons across patients were
also constrained by the inherent sampling limitations of SEEG,
as each implantation is individually planned to meet the specific
clinical needs of each patient. This variability in electrode cover-
age prevents consistent cross-patient comparisons. As a result,
the absence of findings should not be interpreted as negative re-
sults but rather a call for future studies to gathermore data on the
awakening process in these missing regions. Finally, future work
might be needed with multiple nights of recordings in the same
patients, with both awakenings fromNREM and REM, to directly
compare them within the same patients and region. Lastly, an
avenue that we could not explore here is the influence of dream
content on the awakening process; both REM and NREM con-
tain dreams even if their frequency of recall varies,[26] yet their
dream content differs.[58] The primary limitation of SEEG lies
in its restricted coverage, as it allows access to only a limited
portion of the brain in each patient. However, recent pioneer-
ing work has demonstrated the feasibility of combining SEEG

with high-density EE,[59–63] achieving comprehensive brain cov-
erage. Future research stands to gain significantly from adopting
this innovative yet challenging methodology to investigate neu-
ral dynamics during awakening. By leveraging this combined ap-
proach, researchers can better assess long-range changes in spec-
tral power and connectivity.
In summary, the process of awakening is complex and can

differ in both timing and location. Nonetheless, high frequency
bands appear to be associatedwith the process of awakening from
both NREM and REM sleep across multiple brain regions. Our
findings indicate that, while scalp recordings can provide a global
impression of the awakening, local recordings reveal interactions
between regions that can occur severalminutes before or after the
scalp awakening. Finally, we demonstrated that the prior sleep
stage can influence the local spectral and connectivity activity pat-
terns during the awakening.

4. Experimental Section
Patient Selection: Eighteen consecutive patients with drug-resistant

focal epilepsy (7 female; age = 36.9 ± 11.5 years, Table. S6, Supporting
Information) who underwent combined SEEG and PSG recordings as part
of their presurgical investigation at the Montreal Neurologic Institute and
Hospital between January 2013 and June 2022 fulfilled selection criteria
(see flowchart of patient selection in chart. S1, Supporting Information).
Inclusion criteria were clear awakenings without falling back to sleep, age
>15 years, recordings composed of at least 5 healthy non-epileptic in-
tracranial channels outside the seizure-onset-zone (SOZ), recordings with
a minimum duration of 10 min after the morning awakening, availability
of a post-implantation imaging for accurate anatomical localization of the
individual channels, and absence of seizures in the sleep cycle prior to the
morning awakening. All awakenings corresponded to spontaneous awak-
enings. Forced awakenings were not studied, as the interest was in the
natural process of awakening. Patients without a clear final morning awak-
ening, defined as no N1 in the 15 min after awakening, were excluded, as
well as patients who did not have stable sleep, defined as ≥3 N1 epochs
in the 5 min prior to awakening. The study was approved by the Montreal
Neurological Institute and Hospital Review Ethics Board (2014-183).

Intracranial EEG and Scalp EEG Recordings: An average of 11.5 ± 4.3
depth MNI SEEG electrodes (9 contacts of 0.5–1 mm, distance between
contacts 5 mm; 4 patients) or DIXI SEEG electrodes (10–15 contacts of
2 mm, distance between contacts 1.5 mm; 14 patients) were stereotac-
tically implanted in every patient. Scalp EEG was obtained simultane-
ously with subdermal thin wire electrodes at positions Fz, Cz, Pz, F3, C3,
P3, F4, C4, and P4, and additional electrodes for electrooculogram and
chin electromyogram were applied during the night of the sleep record-
ing. The sleep recording was chosen at least 72 h after implantation to
avoid the effects of anesthesia as frequently seen in the first days after
implantation.[64]

EEGs were recorded using the Harmonie EEG system (Stellate) from
2013 to 2017 and the Neuroworkbench EEG system (Nihon Kohden) after
2017. Recordings were acquired with a common reference (epidural elec-
trode fixed in the bone, far from the epileptic field). Hardware filter settings
were 0.1 Hz for the high pass filter and 500 (Stellate) or 600 Hz (Nihon
Kohden) for the low pass filter. All recordings were sampled at 2 kHz.

Channel Selection and Classification: Each SEEG contact was clinically
assessed by an epileptologist (B.F.), and only normal healthy channels
were selected. Healthy channels were defined as channels situated within
healthy tissue, as determined byMRI scans, positioned away from the area
where seizures originate, and consistently free from interictal epileptic
discharges and significant slow-wave anomalies throughout the circadian
cycle. This assessment was based on the comprehensive implantation
report and a detailed examination of one night’s sleep by a board-certified
electrophysiologist. Channels in the white matter were further
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excluded,[52] resulting in 695 channels (38.6 ± 33.4 per patient) for
analysis (Figure 1).

Registration of the electrodes was done in a similar manner to our pre-
vious work[52] where Minctools and the IBIS framework[65] were used.
This involved first linearly aligning the CT/MRI images taken after elec-
trode implantation, which display the locations of the electrodes, with the
pre-implantation MRI scans (preMRI) for each patient. Following this, the
preMRI images were non-linearly aligned with the ICBM152 non-linear
symmetric brain model.[66] Through this combined transformation pro-
cess, it was possible to accurately estimate the electrode positions within
a unified stereotaxic space. Channels were then classified into anatomical
regions using the MICCAI atlas[67] reduced to 17 regions[68] combining
hemispheres that offer sufficient anatomical coverage and granularity, and
into brain networks using the Yeo 7 networks atlas.[69] The Yeo 7 network
atlas has recently been applied in sleep research investigating sleep dy-
namics using fMRI,[70,71] and offers a functional way to assess connectiv-
ity results. Registration of the electrode positions was done independently
for the MICCAI atlas and the Yeo 7 networks using a 5 mm radius grow-
ing region. Finally, patients were grouped using the last sleep stage prior
to their awakening, either from REM or NREM sleep. Only regions from
≥3 patients and ≥5 channels and networks that had ≥3 patients and ≥5
channels and at least two different structures were analyzed for spectral
and connectivity content (Figure 1; Figures S1, S2, and Table S1, Support-
ing Information).

Sleep Scoring and Segment Selection: Sleep scoring was done by
a board-certified neurophysiologist (B.F.) according to the American
Academy of Sleep Medicine criteria.[72] The exact time of the SA was
marked independent of the SEEG. Final morning awakenings (6:30–9:00
AM) were selected for each patient based on the SA time. The awakening
time was determined as “final” if the following wake period did not contain
any N1 epochs after the SA. This time point was then used as the refer-
ence awakening throughout the paper when examining changes in SEEG
channels. 15 min before and after the SA time were extracted in order to
assess the full extent of the awakening as a complete process. 15 min were
chosen as in the clinical setting post-awakening the patients were discon-
nected shortly after.

Baseline segments were selected as references to compare each time
point during the awakening process. Two reference distributions were
used: i) using 10min wakefulness segments taken from the evening before
the sleep recording (>2 h before sleep onset), and ii) segments from the
sleep period between 10 to 15 min prior to the SA. Segments were visu-
ally inspected and selected by a board-certified neurophysiologist (C.A.).
Channels without epileptic spikes and segments that were >90 min away
from seizures were selected. Channels without spikes were defined as non-
epileptic by a board-certified epileptologist. In addition, spikes were quan-
titatively detected, and selected a cut-off of 3 spikes per 10 min, which
corresponds to the false positive rate of the automatic detector.[73] This
sleep segment overlapped intentionally with the -15 min to +15 min from
the SA in order to evaluate the relative evolution of the awakening itself.
Finally, to avoid any spurious spiking activity, all channels were checked au-
tomatically for epileptic spikes detection,[74] and corresponding detected
signals were discarded using a window of -100 to 100 ms around the peak
of each spike for both the awakening and control segments. These selec-
tions accounted for less than 1% of the total signal. To definitively rule
out any effects of removing these signal periods, an identical analysis was
also performed not rejecting the quantitatively identified spurious spiking
activity.

Preprocessing and Analysis: The SEEG signals were analyzed using a
common average montage, which incorporated all non-SOZ and visually
detected artifact-free channels for both power and connectivity analysis.
Signals were filtered with a Butterworth band-pass filter ranging from 0.3
to 300 Hz. The awakening process was analyzed starting 15 min before
the awakening, as detected on the scalp EEG, and continuing until 15 min
after. The analysis was done over 5 s segments, without overlap, through-
out the 30 min signal. 5 s windows were chosen as a window in order to
guarantee reliable spectral[75] and connectivity[76] estimates in both high
as well as low frequencies. RD were also constructed to extract normative
distributions when characterizing the awakening process, using wakeful-

ness control segments from between 4–8 PM of the evening before the
sleep recording and a sleep segment from−15–10min before the awaken-
ing (Figure 2A i). To enhance the reliability of these baseline segments, the
segments were bootstrapped using a block design. To do so, it was sam-
pled 10 000 times with the replacement of raw signals in 5 s blocks from
the 10 min of wakefulness or the 5 min of sleep (Figure 2A i). To assess
the potential impact of circadian rhythms on the wakefulness baseline, an
additional baseline curated by an independent epileptologist (G.R.) not in-
volved in the original data selection was included. This baseline, selected
from quiet wakefulness periods between 8 AM and 12 PM on the day of the
sleep SEEG recording, was used to compare IA times in relation to wake-
fulness. The spectral and connectivity properties of the awakening process
were investigated during the selected 30 min period of the awakening pro-
cess (Figure 2A ii). The analysis was conducted for the following high fre-
quency bands: low gamma (30–50 Hz), high gamma (50–80 Hz), low rip-
ple (80–140 Hz), and high ripple (140–200 Hz). This distribution was cho-
sen to ensure equal representation in the gamma and ripple bands. Fur-
thermore, traditional frequency bands were also analyzed for comparison
purposes: delta (0.5–4Hz), theta (4–8Hz), alpha (8–13Hz), and beta (13–
30 Hz). Artifacts were visually rejected as well as rejected using automatic
amplitude base artifacts (>5 standard deviations). The spectral analysis
was executed using a Morlet wavelet transform on each 5 s segment with-
out overlap. A Morlet transform featuring a 1 Hz central frequency and
a duration of 3 s was opted to strike a balanced trade-off between tem-
poral and frequency resolution.[77] The outputs from the Morlet wavelet
transform were treated separately for each band. This spectral analysis
was carried out for every available normal channel for each patient. For
visualization, only the power was normalized between 0 and 1 across the
brain, facilitating improved visualization of both temporal and regional dif-
ferences. Connectivity analysis followed, where PLVwas estimated for each
pair of available normal channels within each patient.[78] This was done for
each pair within each available network and for each pair that was paced in
two different networks. This was done to assess the connection strength
within every network as well as the strength of the connection between
different networks. The PLV was used in order to capture the phase con-
nectivity which was insensitive to the amplitude due to the variability of
amplitudes that can occur in SEEG.[79] The PLV was computed in each fre-
quency band separately as PLVi,j,f =

1
T
| ∑T

t=1 e
−1(𝜙i(t)−(∅j(t))| where i, j are

channels, f is the frequency band of interest, T is the signal length and ϕ

is the instantaneous phase estimated as the angle of the analytical signal
from the Hilbert transforms of both signals. Subsequently, the power or
PLV signals estimated every time point of interest during the awakening
process were compared to both the sRD and the wRD in terms of per-
centiles relative to that RD (Figure 2A iii). This process generated three
30 min time series: 1) the original power or PLV signals, 2) the signal rep-
resented as a percentile when compared to the sRD, and 3) the signal
represented as a percentile compared to the wRD. These time series were
then pooled for all patients, for each channel or channel pair (Figure 2A iv).
These channels or channel pairs were grouped using a weighted median
over all the channels in the region/network. The weights, which add up to
one, are defined for each power/PLV as: w = 1

NRs
where w = weight of the

specific channel (or channel pair for PLV), N = number of patients con-
tributing to a region/network, and Rs = number of channels contributing
to the region/network for a specific patient. The power/PLV values and the
weights were sorted separately in an ascending order and then a cumula-
tive sum of the weights was calculated until it reached 0.5. The median
weighed power/PLV was defined as the matching power/PLV value of the
corresponding index at 0.5. This approach was adopted to account for the
relative contribution of each patient. Finally, these time series were com-
pared throughout the awakening process, considering both the original
power and PLV as well as a categorized normalized time series in relation
to the sRD and wRD (Figure 2A v). The latter was achieved by categorizing
the percentile time series into three bins with respect to the correspond-
ing RD: 1) significantly larger, percentile >95% (red), 2) within 5–95%
(green), and 3) significantly smaller, percentile < 5% (blue). A continu-
ous description of the awakening process from different perspectives is
provided (Figure 2B). First, the original power/PLV values were presented
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every 5 min for all available regions or networks, along with an example
of one region/network (Figure 2B i). Second, a description was presented
every 5 min of the categorized percentiles compared to the sRD (Figure 2B
ii) and the wRD (Figure 2B iii) for all available regions or networks, as well
as a continuous example from a selected region/network. Two times for IA
were then estimated; the first one being the divergence from sleep (when
compared to sRD) and the second one being the convergence to wake-
fulness (when compared to wRD). These IA times reflect the moment the
signal either diverges from the sRD or converges to the wRD. The IA times
were identified as the initial time instance after more than three continu-
ous epochs (90 s) during which the percentile was either falling outside
(for sRD) or inside (for wRD) the 5–95% boundaries of the corresponding
RD. Strict 5–95 percentile thresholds were chosen to ensure that only sta-
ble non-spurious changes were considered. Therefore, the IA times repre-
sent the first stable instance of convergence to wakefulness or divergence
from sleep. Note that the binarized data was only used for the purpose
of determining the IA time. The subsequent analysis for the statistical as-
sessment of the differences, effect sizes, and magnitude of change was
conducted using the original power and PLV. All the analysis was done us-
ing MATLAB 2023a, and signal processing was done using the Brainstorm
toolbox.[80]

Statistical Analysis: Six patients awakening from NREM sleep and
twelve patients awakening from REM sleep were analyzed. Each time point
in the awakening process was evaluated in relation to the sRD and wRD,
by performing a continuous statistical comparison (Figure 2C). 90 s seg-
ments were analyzed every 5 min before the wakefulness IA and after
the sleep IA. This analysis was conducted on the channel level for all the
available channels in the region or network. The median power/PLV of
the awakening signal was compared to the median RD using a two-side
paired Wilcoxon signed-rank test, with a false discovery rate (FDR) cor-
rection. The effect size was estimated using paired Cliff’s Delta. No fur-
ther transformations to the data were applied, and no datapoints were
removed. This was done once for all the time points prior to the wake-
fulness IA and then for all the time points after the sleep IA. Data was
presented as median and range as distributions were not always nor-
mal. If the difference achieved significance at p < 0.05 The magnitude of
the change was then assessed by defining the “relative deviation”. This
was calculated as the weighted median of the percentage difference on
all channels between the awakening signal and the median RD. In other
words, for each channel, the extent to which it differed from the RD was
assessed and then aggregated it using a weighted median. Comprehen-
sive tables detailing the IA times for the wakefulness IA and the IA were
provided for all significant results, i.e., when a band or an area was not
present it means no significant results were observed (full results are pro-
vided in Tables S2–S5, Supporting Information). For each one, the ranges
of Cliff’s Delta and the corresponding relative deviations from both the
sRD and the wRD for the spectral and connectivity analyses were pro-
vided for each available region or network. Note that NREM and REM
sleep were not directly compared as only one type of awakening was se-
lected per patient. The awakening process observed on the scalp was also
compared to each available region. For this, a single scalp channel (ei-
ther Cz or Fz) was selected based on visual assessment to ensure min-
imal muscle-related artifacts. This channel’s data was then compared to
themedian power of each region at each time point using Pearson correla-
tion. The median coefficient and the FDR corrected p values were reported
(Tables S7 and S8).

Ethical Statement: The study was approved by the Montreal Neuro-
logical Institute and Hospital Review Ethics Board (2014-183). As this re-
search was retrospective, informed consent was waived by the MNI Direc-
tor of Professional Services.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors wish to express our gratitude to Nicolas von Ellenrieder for
his support, guidance, and insights, to Alyssa Ho for her useful edits, and
to the staff and technicians at the EEG Department of the Montreal Neu-
rological Institute and Hospital, particularly Erica Minato, Lorraine Allard,
Nicole Drouin, and Chantal Lessard. This work was funded by the project
grants from the Canadian Institutes of Health Research (PJT-175056, B.F.;
PJT 159948, C.G.).

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
T.A., C.G., and B.F. conceptualized the project and experimental design.
T.A. performed the analysis. G.R, C.A, F.D, and B.F. contributed to the
curation of data. T.A, B.F., and C.G. participated in the discussion of the
methodology, mathematical formulation, and results of the study.

Data Availability Statement
The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

Keywords
awakening, connectivity, intracranial EEG, sleep, spectral analysis

Received: August 13, 2024
Revised: December 19, 2024

Published online: March 24, 2025

[1] A. L. Loomis, E. N. Harvey, G. A. Hobart, J. Exper. Psychol. 1937, 21,
127.

[2] J. Horne, R. Moseley, J. Sleep Res. 2011, 20, 275.
[3] M. Ferrara, L. De Gennaro, M. Bertini, Aviation Space and Environ-

mental Medicine 2000, 71, 843.
[4] T. Porkka-Heiskanen, A. V. Kalinchuk, Sleep Medicine Reviews 2011,

15, 123.
[5] M. Ferrara, G. Curcio, F. Fratello, F. Moroni, C. Marzano, M. C.

Pellicciari, L. D. Gennaro, Behavioural Brain Research, Vol. 167, Else-
vier, Amsterdam, The Netherlands 2006, pp. 237–244.

[6] C.Marzano,M. Ferrara, F.Moroni, L. DeGennaro,Neuroscience 2011,
176, 308.

[7] M. Gorgoni, M. Ferrara, A. D’Atri, G. Lauri, S. Scarpelli, I. Truglia, L.
De Gennaro, Sleep Medicine 2015, 16, 883.

[8] C. A. Bosman, C. S. Lansink, C. M. A. Pennartz, European J. Neuro-
science 2014, 39, 1982.

[9] M. K. Rieder, B. Rahm, J. D. Williams, J. Kaiser, Int. J Psychophysiol
2011, 79, 39.

[10] B. Frauscher, J. Gotman, Neurobiology of Disease 2019, 127, 545.
[11] N. von Ellenrieder, J. Gotman, R. Zelmann, C. Rogers, D. K. Nguyen,

P. Kahane, F. Dubeau, B. Frauscher, Ann. Neurol. 2020, 87, 289.
[12] Y. Nir, R. J. Staba, T. Andrillon, V. V. Vyazovskiy, C. Cirelli, I. Fried, G.

Tononi, Neuron 2011, 70, 153.
[13] B. Setzer, N. E. Fultz, D. E. P. Gomez, S. D. Williams, G. Bonmassar,

J. R. Polimeni, L. D. Lewis, Nat. Commun. 2022, 13, 5442.

Adv. Sci. 2025, 12, 2409608 2409608 (15 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[14] C. Song, M. Boly, E. Tagliazucchi, H. Laufs, G. Tononi, Proc. Natl.
Acad. Sci. 2022, 119, e2016732119.

[15] R. Vallat, D. Meunier, A. Nicolas, P. Ruby,Neuroimage 2019, 184, 266.
[16] G. Hajak, J. Klingelhofer, M. Schulz-Varszegi, G. Matzander, D.

Sander, B. Conrad, E. Ruther, in Sleep, Vol. 17, Associated Profes-
sional Sleep Societies, Westchester, Illinois 1994, pp. 11–19.

[17] T. Kuboyama, A. Hori, T. Sato, T. Mikami, T. Yamaki, S. Ueda, Elec-
troencephalography and Clinical Neurophysiology 1997, 102, 125.

[18] H. Davis, P. A. Davis, A. L. Loomis, E. N. Harvey, G. Hobart, Science
1937, 86, 448.

[19] W. Dement, N. Kleitman, Electroencephalogr Clin. Neurophysiol 1957,
9, 673.

[20] M. Lee, B. Baird, O. Gosseries, J. O. Nieminen, M. Boly, B. R. Postle,
G. Tononi, S. W. Lee, Sci. Rep. 2019, 9, 5175.

[21] R. E. Brown, R. Basheer, J. T. McKenna, R. E. Strecker, R. W. McCarley,
Physiol. Rev. 2012, 92, 1087.

[22] T. Abel, R. Havekes, J. M. Saletin, M. P. Walker, Curr. Biol. 2013, 23,
R774.

[23] D. Kahn, E. F. Pace-Schott, J. A. Hobson, Neuroscience 1997, 78, 13.
[24] F. Siclari, B. Baird, L. Perogamvros, G. Bernardi, J. J. LaRocque, B.

Riedner, M. Boly, B. R. Postle, G. Tononi, Nat. Neurosci. 2017, 20,
872.

[25] A. M. Stephan, S. Lecci, J. Cataldi, F. Siclari, Curr. Biol. 2021, 31, 5487.
[26] F. Siclari, G. Bernardi, J. Cataldi, G. Tononi, J. Neurosci. 2018, 38, 9175.
[27] M. N. Rusalova, Neurosci. Behav. Physiol. 2006, 36, 351.
[28] T. Ferrari-Marinho, P. Perucca, M. Amiri, F. Dubeau, J. Gotman, L. O.

Caboclo, J. Clin. Neurophysiol. 2020, 37, 246.
[29] E. Juan, U. Gorska, C. Kozma, C. Papantonatos, T. Bugnon, C. Denis,

V. Kremen, G. Worrell, A. F. Struck, L. M. Bateman, E. M. Merricks, H.
Blumenfeld, G. Tononi, C. Schevon, M. Boly, Brain 2023, 146, 109.

[30] P. Tassi, A. Muzet, Sleep. Med. Rev. 2000, 4, 341.
[31] J. Fell, N. Axmacher, S. Haupt,Medical Hypotheses 2010, 75, 218.
[32] D. W. Gross, J. Gotman, Neuroscience 1999, 1005.
[33] M. Silva-Perez, A. Sanchez-Lopez, N. Pompa-Del-Toro, M. Escudero,

J. Sleep Res. 2021, 30, e13233.
[34] M. I. Banks, B. M. Krause, C. M. Endemann, D. I. Campbell, C. K.

Kovach, M. E. Dyken, H. Kawasaki, K. V. Nourski, NeuroImage 2020,
94, 116627.

[35] Y. Liu, Z. Li, Y. Bai, Front Neurosci. 2022, 16, 1024278.
[36] C. McCafferty, B. F. Gruenbaum, R. Tung, J. J. Li, X. Zheng, P. Salvino,

P. Vincent, Z. Kratochvil, J. H. Ryu, A. Khalaf, K. Swift, R. Akbari, W.
Islam, P. Antwi, E. A. Johnson, P. Vitkovskiy, J. Sampognaro, I. G.
Freedman, A. Kundishora, A. Depaulis, F. David, V. Crunelli, B. G.
Sanganahalli, P. Herman, F. Hyder, H. Blumenfeld, Nat. Commun.
2023, 14, 117.

[37] W. Khan, S. Chopra, X. Zheng, S. Liu, P. Paszkowski, M. Valcarce-
Aspegren, L. A. Sieu, S. McGill, C. McCafferty, H. Blumenfeld, Exp
Neurol 2024, 381, 114925.

[38] S. A. Gibbs, P. Proserpio, M. Terzaghi, A. Pigorini, S. Sarasso, G. L.
Russo, L. Tassi, L. Nobili, Sleep Med. Rev. 2016, 25, 4.

[39] C. W. Dickey, I. A. Verzhbinsky, X. Jiang, B. Q. Rosen, S. Kajfez, B.
Stedelin, J. J. Shih, S. Ben-Haim, A. M. Raslan, E. N. Eskandar, J.
Gonzalez-Martinez, S. S. Cash, E. Halgren, Proc. Natl. Acad. Sci. 2022,
119, e2107797119.

[40] S. Scarpelli, C. Marzano, A. D’Atri, M. Gorgoni, M. Ferrara, L. De
Gennaro, Front Psychol. 2015, 6, 928.

[41] C. J. Hilditch, K. Bansal, R. Chachad, L. R.Wong, N. G. Bathurst, N. H.
Feick, A. Santamaria, N. L. Shattuck, J. O. Garcia, E. E. Flynn-Evans,
Netw. Neurosci. 2023, 7, 102.

[42] B. Baird, A. Castelnovo, B. A. Riedner, A. Lutz, F. Ferrarelli, M. Boly,
R. J. Davidson, G. Tononi, eNeuro 2018, 5.

[43] A. Rechtschaffen, P. Hauri, M. Zeitlin, PerceptMot Skills 1966, 22, 927.
[44] F. Siclari, J. J. Larocque, B. R. Postle, G. Tononi, Front Psychol. 2013,

4, 542.

[45] A. R. Adamantidis, C. G. Herrera, T. C. Gent,Nat. Rev. Neurosci. 2019,
20, 746.

[46] B. A. Sulaman, S. Wang, J. Tyan, A. Eban-Rothschild, Nat. Neurosci.
2023, 26, 196.

[47] G. Hajak, J. Klingelhofer, M. Schulz-Varszegi, G. Matzander, D.
Sander, B. Conrad, E. Ruther, Sleep 1994, 17, 11.

[48] A. B. A. Stevner, D. Vidaurre, J. Cabral, K. Rapuano, S. F. V. Nielsen,
E. Tagliazucchi, H. Laufs, P. Vuust, G. Deco, M. W. Woolrich, E. Van
Someren, M. L. Kringelbach, Nat. Commun. 2019.

[49] E. J. Silva, J. F. Duffy, Behav. Neurosci. 2008, 122, 928.
[50] F. A. Scheer, T. J. Shea, M. F. Hilton, S. A. Shea, J. Biol. Rhythms 2008,

23, 353.
[51] A. C. Burns, S. Zellers, D. P. Windred, I. Daghlas, N. Sinnott-

Armstrong, M. Rutter, C. Hublin, E. Friligkou, R. Polimanti, A. J. K.
Phillips, S. W. Cain, J. Kaprio, H. M. Ollila, R. Saxena, J. M. Lane,
medRxiv 2024, 2024.

[52] B. Frauscher, N. von Ellenrieder, R. Zelmann, I. Dolezalova, L.
Minotti, A. Olivier, J. Hall, D. Hoffmann, D. K. Nguyen, P. Kahane,
F. Dubeau, J. Gotman, Brain 2018, 141, 1130.

[53] L. Peter-Derex, N. von Ellenrieder, F. van Rosmalen, J. Hall, F. Dubeau,
J. Gotman, B. Frauscher, Proc. Natl. Acad. Sci. USA 2023, 120,
e2300387120.

[54] T. Andrillon, Y. Nir, C. Cirelli, G. Tononi, I. Fried,Nat. Commun. 2015,
6, 1.

[55] M. Ferrara, L. De Gennaro, Curr. Top. Med. Chem. 2011, 11, 2423.
[56] V. Brodbeck, A. Kuhn, F. vonWegner, A. Morzelewski, E. Tagliazucchi,

S. Borisov, C. M. Michel, H. Laufs, Neuroimage 2012, 62,
2129.

[57] L. Peter-Derex, M. Magnin, H. Bastuji, NeuroImage 2015, 123, 229.
[58] P. McNamara, P. Johnson, D. McLaren, E. Harris, C. Beauharnais, S.

Auerbach, Int. Rev. Neurobiol. 2010, 92, 69.
[59] M. Seeber, L. M. Cantonas, M. Hoevels, T. Sesia, V. Visser-

Vandewalle, C. M. Michel, Nat. Commun. 2019, 10, 1.
[60] M. Marino, D. Mantini, J. Physiol. 2024.
[61] J. Samogin, Q. Liu, M. Marino, N. Wenderoth, D. Mantini, Neuroim-

age 2019, 474, 200.
[62] S. Parmigiani, E.Mikulan, S. Russo, S. Sarasso, F.M. Zauli, A. Rubino,

A. Cattani, M. Fecchio, D. Giampiccolo, J. Lanzone, P. D’Orio, M. Del
Vecchio, P. Avanzini, L. Nobili, I. Sartori, M. Massimini, A. Pigorini,
Brain Stimul. 2022, 15, 664.

[63] E.Mikulan, S. Russo, S. Parmigiani, S. Sarasso, F.M. Zauli, A. Rubino,
P. Avanzini, A. Cattani, A. Sorrentino, S. Gibbs, F. Cardinale, I. Sartori,
L. Nobili, M. Massimini, A. Pigorini, Sci. Data. 2020, 7, 127.

[64] B. Frauscher, N. von Ellenrieder, F. Dubeau, J. Gotman, Neuroimage
2015, 1, 105.

[65] S. Drouin, A. Kochanowska, M. Kersten-Oertel, I. J. Gerard, R.
Zelmann, D. De Nigris, S. Beriault, T. Arbel, D. Sirhan, A. F. Sadikot,
J. A. Hall, D. S. Sinclair, K. Petrecca, R. F. DelMaestro, D. L. Collins,
Int. J. Comput. Assist. Radiol. Surg. 2017, 12, 363.

[66] V. Fonov, A. C. Evans, K. Botteron, C. R. Almli, R. C. McKinstry, D. L.
Collins, Neuroimage 2011, 54, 313.

[67] B. A. Landman, S. K. Warfield, eds, MICCAI 2012 workshop on multi-
atlas labeling, Create Space Independent Publishing Platform, Nice,
France 2012.

[68] B. Frauscher, N. von Ellenrieder, R. Zelmann, C. Rogers, D. K.
Nguyen, P. Kahane, F. Dubeau, J. Gotman, Ann. Neurol. 2018, 84,
374.

[69] R. L. Buckner, F. M. Krienen, A. Castellanos, J. C. Diaz, B. T. Thomas
Yeo, Journal of Neurophysiology 2011, 106, 2322.

[70] A. Haimovici, E. Tagliazucchi, P. Balenzuela, H. Laufs, Sci. Rep. 2017,
7, 5908.

[71] N. E. Cross, F. B. Pomares, A. Nguyen, A. A. Perrault, A. Jegou, M.
Uji, K. Lee, F. Razavipour, O. B. K. Ali, U. Aydin, H. Benali, C. Grova,
T. T. Dang-Vu, PLoS Biol. 2021, 19, e3001232.

Adv. Sci. 2025, 12, 2409608 2409608 (16 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[72] R. B. Berry, R. Brooks, C. Gamaldo, S. M. Harding, R. M. Lloyd, S.
F. Quan, M. T. Troester, B. V. Vaughn, J. Clinical Sleep Med. 2017, 13,
665.

[73] A. Ho, S. Hannan, J. Thomas, T. Avigdor, C. Abdallah, F. Dubeau, J.
Gotman, B. Frauscher, Epilepsia 2023, 64, 3036.

[74] R. Janca, P. Jezdik, R. Cmejla, M. Tomasek, G. A. Worrell, M. Stead, J.
Wagenaar, J. G. R. Jefferys, P. Krsek, V. Komarek, P. Jiruska, P. Marusic,
Brain Topography 2014, 28, 172.

[75] G. Dumermuth, L. Molinari, Neuropsychobiology 1987, 17, 85.

[76] A. Basti, F. Chella, R. Guidotti, M. Ermolova, A. D’Andrea, M.
Stenroos, G. L. Romani, V. Pizzella, L. Marzetti, J. Neural Eng. 2022,
19, 016039.

[77] S. R. Cole, B. Voytek, Trends Cogn Sci 2017, 21, 137.
[78] J. P. Lachaux, E. Rodriguez, J.Martinerie, F. J. Varela,HumBrainMapp.

1999, 8, 194.
[79] P. Gloor, J. Clin. Neurophysiol. 1985, 2, 327.
[80] F. Tadel, S. Baillet, JC.Mosher, D. Pantazis, RM. Leahy, Comput. Intell.

Neurosci. 2011, https://doi.org/10.1155/2011/879716.

Adv. Sci. 2025, 12, 2409608 2409608 (17 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com
https://doi.org/10.1155/2011/879716

	The Awakening Brain is Characterized by a Widespread and Spatiotemporally Heterogeneous Increase in High Frequencies
	1. Introduction
	2. Results
	2.1. Awakenings from NREM Sleep are Associated with Widespread Power Changes
	2.2. High Frequency Phase Connectivity Increased in the Multiple Networks During the Awakening from NREM Sleep
	2.3. Awakening from REM Sleep is Associated with a Widespread Power Increase Exclusively in High Frequencies
	2.4. Connectivity Increases in the Ripple Bands within the Default Mode, Dorsal Attention, Somatomotor, and Frontoparietal networks During the Awakening from REM Sleep

	3. Discussion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


