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Significance

Scalp electroencephalography 
(EEG) defines sleep globally, but 
stereo-EEG allows multilocal 
sleep scoring. We provide 
evidence that the non–rapid eye 
movement (NREM) to REM sleep 
transition is a progressive 
phenomenon underpinned by 
local cortical sleep regulation.  
We report a strong local 
heterogeneity as well as  
a reproducible and gradual 
pattern of REM sleep onset, 
suggesting that short- and 
long-term homeostasis 
differentially applies to brain 
areas. A key role is played by the 
occipital cortex, which exhibits 
the first cortical manifestations 
of REM sleep, on average 2 min 
before the scalp EEG detected 
transition. Further studies  
on the experiential correlates  
of local REM sleep may help  
to understand subjective oneiric 
and motor phenomena occurring 
at the boundary between NREM 
and REM sleep.
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Transitions between wake and sleep states show a progressive pattern underpinned by 
local sleep regulation. In contrast, little evidence is available on non–rapid eye move-
ment (NREM) to rapid eye movement (REM) sleep boundaries, considered as mainly 
reflecting subcortical regulation. Using polysomnography (PSG) combined with stere-
oelectroencephalography (SEEG) in humans undergoing epilepsy presurgical evaluation, 
we explored the dynamics of NREM-to-REM transitions. PSG was used to visually 
score transitions and identify REM sleep features. SEEG-based local transitions were 
determined automatically with a machine learning algorithm using features validated 
for automatic intra-cranial sleep scoring (10.5281/zenodo.7410501). We analyzed 2988 
channel-transitions from 29 patients. The average transition time from all intracerebral 
channels to the first visually marked REM sleep epoch was 8 s ± 1 min 58 s, with a great 
heterogeneity between brain areas. Transitions were observed first in the lateral occipital 
cortex, preceding scalp transition by 1 min 57 s ± 2 min 14 s (d = −0.83), and close to 
the first sawtooth wave marker. Regions with late transitions were the inferior frontal 
and orbital gyri (1 min 1 s ± 2 min 1 s, d = 0.43, and 1 min 1 s ± 2 min 5 s, d = 0.43, 
after scalp transition). Intracranial transitions were earlier than scalp transitions as the 
night advanced (last sleep cycle, d = −0.81). We show a reproducible gradual pattern of 
REM sleep initiation, suggesting the involvement of cortical mechanisms of regulation. 
This provides clues for understanding oneiric experiences occurring at the NREM/
REM boundary.

intracranial EEG | local sleep | rapid eye movements | sawtooth waves | atonia

Vigilance states have traditionally been considered to be global homogeneous states, sep-
arated by clear-cut transitions, and regulated by subcortical networks (1). In contrast to 
this paradigm, research of the last years provided evidence that many sleep features are 
under local control and that sleep becomes global only when a large and widespread 
number of cortical regions are synchronously involved (2).

In the spatial domain, most sleep oscillations exhibit local specificities. Regarding non–
rapid eye movement (NREM) sleep, several authors showed for instance that slow waves 
occur mostly locally, propagate from the frontal cortex to other regions, and that they are 
regulated locally by previous waking or cognitive activity (3–6). Spindles also present 
region-specific characteristics in terms of frequency and density and exhibit low synchrony 
across brain regions (7–9). During rapid eye movement (REM) sleep, local activities have 
been reported as well, such as electroencephalography (EEG) activation in the motor 
cortex during phasic REM sleep, theta waves in the posterior areas proposed to be the 
occipital part of ponto–geniculo–occipital waves, or sawtooth waves which were shown 
to exhibit high spatial heterogeneity (10–12).

In the temporal domain, boundaries between vigilance states appear more progressive 
and asynchronous between brain areas than previously thought (13). In humans, intrac-
ranial EEG studies demonstrated that sleep onset does not involve the whole brain simul-
taneously and that even during sleep, certain regions exhibit wake-like activity, while 
others are still asleep (14–18). Regarding sleep-to-wake transitions, functional imaging 
studies suggest that awakening is also a progressive process associated with sequential 
reactivation of brain structures underlying the sleep inertia phenomenon marked by 
decreased arousal level and temporary impaired performance upon awakening (19–21). 
These findings corroborate studies in rodents, showing the progressive restoration of a 
wake-like activity pattern after sleep offset in cortical neurons explored with microwire 
arrays (22). In contrast to this growing evidence regarding wakefulness and NREM sleep, 
little information is available regarding NREM to REM sleep transitions.

According to neurobiological models of sleep stages, the NREM to REM sleep transition 
depends mainly on brainstem structures showing abrupt changes in activity from one stage 
to another (23). However, some clinical situations suggest that NREM to REM sleep 
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transitions are not always clear-cut, giving rise to REM sleep para-
somnias such as hypnagogic hallucinations or sleep paralysis (24, 
25). Moreover, results from scalp EEG studies suggest that the 
mechanisms determining the occurrence of REM sleep periods 
gradually increase several minutes before REM onset, whereas those 
associated with NREM sleep decrease their activity only few seconds 
before REM sleep onset, leading to a progressive transition between 
NREM and REM sleep (26). The instability of NREM sleep during 
the ascending slope of NREM episodes, associated with a higher 
frequency and intensity of arousals, as well as a progressive decrease 
in delta and sigma activity and a progressive increase in alpha and 
high beta activities (27–29) may promote the gradual appearance 
of REM sleep features (sawtooth waves, muscle atonia, and bursts 
of REMs) during the NREM to REM sleep transition (30, 31).

Stereoencephalography (SEEG) recordings combined with pol-
ysomnography (PSG) feasible only in humans undergoing epilepsy 
presurgical evaluation provide the unique opportunity to investigate 
global/local sleep phenomena by enabling access to local activities 
of various brain areas including deep-seated regions with high spa-
tiotemporal resolution. Recently, such recordings allowed to demon-
strate that the hippocampus enters REM sleep before the neocortex 
in humans (32), thus confirming findings obtained in rodents (33, 
34). This asynchrony may also apply to other brain areas; however, 
the study about hippocampo–neocortical dissociation in vigilance 
states relied on manual sleep scoring, which is not feasible for every 
local brain region. This methodological issue has so far prevented 
obtaining a global picture of local asynchronies during the NREM 
to REM sleep transition, although this is of great relevance for the 
understanding of sleep physiology and pathophysiology. Recently, 
we developed “SleepSEEG,” an algorithm allowing to perform both 
global and local automatic sleep scoring using SEEG signals only, 
based on 24 features describing the oscillatory and nonoscillatory 
components of the signal spectrum and characteristics of sleep tran-
sients (35). In the present study, using the same method of SEEG 
analysis coupled with the visual scoring of REM sleep features on 
scalp EEG-PSG, we explored the dynamics of NREM to REM 
transitions with a multilocal approach. We investigated whether i) 

the REM sleep onset occurs simultaneously or asynchronously 
across different brain regions; ii) a reproducible anatomical pattern 
of NREM to REM transitions can be identified; and iii) regulating 
factors such as sleep homeostasis influence the dynamics of NREM 
to REM transitions. Based on earlier scalp EEG studies and on the 
concept of sleep as a local process (2), we hypothesized that the 
timing of the REM sleep onset might vary across the different brain 
areas but would follow a reproducible orchestration across subjects 
and would be modulated by sleep homeostasis.

Results

REM Sleep Features during Scalp NREM to REM Transitions. 
There were a total of 127 transitions marked on PSG nights in 
29 patients (mean age 35.5 ± 10.6 y, range 18 to 44 y, 44.8% 
of women). One of these transitions was discarded since it was 
a W (instead of N1/N2/N3) to R transition (sixth and last 
transition of the night). Three more transitions from one patient 
were excluded due to proximity to seizures. This resulted in 123 
NREM to REM transitions for analysis (28% N1 to R, 64% 
N2 to R, and 8% N3 to R transitions), including 123 REMs 
markers, 118 sawtooth waves markers, and 104 muscle atonia 
markers (Fig.  1A). In 71% of the transitions, sawtooth waves 
were the first features. They preceded the onset of muscle atonia 
by 2 min 44 s ± 2 min 45 s (average ± SD) and the first burst of 
REMs by 4 min 02 s ± 2 min 46 s. In 76% of the transitions, 
the onset of muscle atonia preceded the first burst of REMs. The 
onset of muscle atonia was 1 min 13 s ± 1 min 47 s before the first 
burst of REMs. The time between the first and last of the three 
markers was 4 min 12 s ± 2 min 35 s. Sawtooth waves appeared 
4 min 04 s ± 2 min 39 s before the beginning of the first epoch 
scored as REM sleep, the muscle atonia 1 min 14 s ± 1 min 43 s, 
and the first burst of REMs 1 min ± 41 s (Fig. 1A).

Local Intracranial Transitions and Model Selection. No REM 
sleep (stage R) was detected by the automatic scoring in 151 
channel ×  transitions (5.0% of all channel  ×  transitions). The 

Fig. 1. Time course of NREM-to-REM transitions. (A) Time course of the intracranially scored stage R probability during transitions to REM sleep relative to the 
manually scored transition on PSG with scalp EEG. The black curve represents the average R-stage probability as a function of time in all (n = 2,837) transitions, 
with t = 0 being the onset of the first manually marked R epoch. Note that this curve shows a gradual increase before t = 0 and does not reach 1, as it is based 
on intracranial sleep scorings which exhibit transitions at various times and where transitions are calculated as probabilities of stage R. At the bottom of the 
figure, vertical black lines represent individual transitions as derived from each intracerebral channel, and vertical orange lines indicate the time of the global 
intracranial transitions averaging the channels of the corresponding patient after discounting the effect of the brain region. Vertical red lines represent the first 
burst of REMs, vertical blue lines the muscle atonia onset, and vertical green lines the first sawtooth wave burst. Note the overlap between these EOG/EMG/
scalp EEG markers and some local intracranially scored NREM to REM transitions, several minutes before the scalp transition. (B) Time course of the 30-s epoch 
staging as a function of time in the 120 NREM to REM sleep transitions. The color indicates the manually scored scalp stages. The orange line shows, for each 
scalp transition, the timing of its associated global intracranial NREM to REM sleep transition. The global transitions are determined from all analyzed intracranial 
channels of the corresponding patient, discounting the effect of the relative delay of the different brain regions. The transitions have been ordered based on 
the time of the global intracranial transitions.
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regions with undetected transitions significantly different from the 
5.0% average (permutation test with Holm–Bonferroni correction 
for multiple comparisons) were the superior temporal gyrus with 
17% (13/76), the posterior cingulate with 0.6% (1/163), and the 
lateral occipital lobe with 0% (0/124). This left 2,837 channel 
transitions (from 120 transitions, 718 channels, 29 patients) 
for subsequent analysis which focused on automatically scored 
intracranial local sleep stages at the transition to REM sleep. The 
average time of the transitions from all the intracerebral channels 
to the first PSG-marked R epoch was 8 s ± 1 min 58 s (Fig. 1B).

A model selection algorithm was used to explain the time differ-
ence between scalp and intracranial transitions with different variables 
(brain regions, patient, sleep cycle number, transition, and channels). 
The best model was the one including one variable for each transition 
and each brain region (P < 0.0001). These variables constitute the 
global transition times and brain region delays shown in the remain-
der of the Results. An example of the relationships between global 
manual scalp scoring, global intracranial automatic scoring, and local 
intracranial automatic scoring is provided in Fig. 2.

Characteristics of Intracranial Automatically Scored NREM to 
REM Transitions.
Clarity of transitions. We quantified the clarity of the transitions 
as the correlation coefficient between the probability of stage R 

reported by the automatic scoring algorithm and an ideal transition 
with null probability for 10 min before the actual transition and 
a probability of close to 1 for the subsequent 5 min (i.e., clear-
cut stable transition). Fig.  3 shows an example of a clear and 
unclear transition (SI Appendix, Fig.S3). The clarity was highest 
for the posterior cingulate gyrus (0.85 ± 0.22, d = 0.34) and the 
mesiotemporal region (0.85 ± 0.20, d = 0.43) and lowest for the 
superior temporal gyrus (0.66  ±  0.26, d  =  0.51), the planum 
temporale and transverse temporal gyrus (0.68 ± 0.24, d = 0.39), 
and the fusiform gyrus (0.68 ± 0.22, d = 0.39). The average clarity 
of the transitions for all the brain regions is shown in Fig. 4A.
Anatomical pattern of local transitions. The relative delay of 
the local transitions in each brain region is shown in Fig.  4B. 
Transitions were observed on average first in the lateral occipital 
cortex, preceding the scalp transition by 1 min 57 s ± 2 min 14 s 
(d = −0.83). Other regions with early transitions were the fusiform 
gyrus (1 min 45 s ± 3 min 19 s, d = −0.74) and mesial–occipital 
region (1 min 5 s ± 2 min 32 s, d = −0.46). Regions with late 
transitions were the triangular part of the inferior frontal gyrus and 
the anterior and lateral orbital gyri (1 min 1 s ± 2 min 1 s, d = 0.43, 
and 1 min 1 s ± 2 min 5 s, d = 0.43, after the scalp transition). 
The example in Fig. 3 corresponds to regions with early and late 
transitions (SI Appendix, Fig. S3). The region where the transition 
was the closest to the global scalp transition was the mesiotemporal 

Fig. 2. Example of a transition between NREM and REM sleep and typical intracranial EEG in NREM and REM. (Top) Transition between NREM and REM sleep 
in patient 28, showing two channels in different brain regions. The background color indicates the sleep stage as scored by human experts. The black curves 
show the variation in time of the most important feature for determining the transition time in the corresponding brain region. The dotted black lines show the 
probability of NREM for each of the channels as a function of time. The first epoch with stage R in each intracerebral channel is indicated with a short vertical 
orange line, while the broken vertical orange line indicates the global transition time as derived from all the intracerebral channels used in this patient. The 
vertical green line indicates the onset of the first sawtooth waves, the vertical blue line the onset of muscle tone decrease, and the vertical red line the onset 
of the first rapid eye movements, all marked by human experts. In this example, the transition in the lateral occipital channel is observed 5 min before the 
scalp transition, and the transition in the triangular part of the inferior frontal gyrus is observed 3 min after the scalp transition. Note that the changes visually 
observed in the main features do not necessarily overlap with the first stage R local epoch because the transition in the channel is determined based on several 
features, and the threshold for determining the R stage depends on the values of the features during baseline NREM and R stages. (Bottom) Examples of the 
scalp EEG (Fz-Cz) and SEEG signals in one sleep epoch before and after the transition are shown on the bottom left and right. The same channels as in the top 
panel are shown. The blue traces correspond to the broadband signals and the black trace to the particular band associated with the most important feature 
in each brain region (8 to 16 Hz activity in the lateral occipital cortex, first log-cumulant of the multifractal spectrum in the triangular part of the inferior frontal 
gyrus, which in practice is highly correlated to the overall amplitude; thus in the latter case, the main feature corresponds to the raw blue signal). The amplitude 
scale is different to better show the signals in different channels, but it is the same in the NREM and REM epochs to facilitate the comparison.

http://www.pnas.org/lookup/doi/10.1073/pnas.2300387120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300387120#supplementary-materials
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area (mean absolute delay 1 min 21 s ± 1 min 27 s), which was 
also the closest to the REMs marker (1 min 34 s ± 1 min 34 s) 
and to the loss of muscle tone marker (1 min 49 s ± 1 min 43 s), 
while the occipital lobe transition was closest to the sawtooth wave 
marker (3 min 29 s ± 2 min 29 s).

Sleep Instability during the Peritransition Period. The pretransition 
period was marked by NREM sleep instability as quantified by the 
stage shift index based on scalp scoring with a median of 0.60 
(0 to 1.3) stage changes per min. The most stable stage in the 10 min 
preceding the transition (longest run of consecutive epochs) was W 
in 2.4% of the transitions, N1 in 11.4%, N2 in 64.2%, and N3 in 
22.0% (Fig. 1). Most features showed intermediate values between 
NREM and REM sleep (SI Appendix, Fig. S5 B–D) preceding the 
transition, possibly reflecting a smooth transition between NREM 
and REM sleep or transient wake-like or REM-like activities. The 
only feature showing a noticeable transition more extreme than 
NREM and REM was the third log-cumulant of the multifractal 
spectrum (SI Appendix, Fig. S5A), with higher values during the 
transition than during stable wake, NREM sleep, or REM sleep 
being in keeping with a more complex EEG signal composition. 
Defining stable sleep as uninterrupted NREM epochs for 10 min 
before the transition and uninterrupted R epochs for 5 min after the 
transition, 63% of the transitions were preceded by stable NREM, 

and 62% were followed by stable REM sleep. Of all the transitions, 
38% were preceded by stable NREM sleep and followed by stable 
REM sleep. Subanalyses of these transitions showed that times 
between markers and transitions varied by less than 10% of their 
SD, except for the time between the global intracranial transitions 
to the first R epoch, which changed from 8 s to −21 s, a 23% of the 
126 s SD among transitions. The regions with the earliest and the 
latest transitions were the same as found with the global analysis. 
The percentage of transitions × channels in which the automatic 
scoring algorithm could not find an epoch with stage R was reduced 
from 5.0% to 3.5% (37/1060) (P = 0.038). The median clarity of 
the intracranial transitions increased from 0.85 to 0.91 (P = 0.036). 
Regarding the effect of the pretransition NREM sleep stage, we 
observed that in transitions from N1, local intracranial transitions 
happened earlier (mean −55 s instead of 8 s compared to the scalp 
transition, P = 0.006). No other statistically significant differences 
were found associated with the pretransition NREM sleep stage.

Regulation of Intracranial Automatically Scored NREM to 
REM Transitions: Effect of Sleep Cycle. In order to explore the 
impact of sleep homeostasis on the transitions, we computed 
the average clarity and delay (after discounting the brain 
region effect) of the global intracranial and scalp transition as 
a function of the sleep cycle (Fig. 5). Intracranial transitions 

Fig. 3. Example of a transition between NREM and REM sleep and typical intracranial EEG in NREM and REM. (Top) Transition between NREM and REM sleep 
in patient 14, showing two channels in different brain regions. The background color indicates the sleep stage as scored by human experts. The black curves 
show the variation in time of the most important feature for determining the transition time in the corresponding brain region. The dotted black lines show the 
probability of NREM for each of the channels as a function of time. The first epoch with stage R in each intracerebral channel is indicated with a short vertical 
orange line, while the broken vertical orange line indicates the global transition time as derived from all the intracerebral channels used in this patient. Note 
that the transition in the channel is determined on several features, and the threshold for determining stage R depends on the values of the features during 
baseline NR and R sleep. In this case, changes are not visually observed in the main feature of the superior temporal gyrus. The vertical green line indicates the 
onset of the first sawtooth waves, the vertical blue line the onset of muscle tone decrease, and the vertical red line the onset of the first rapid eye movements, all 
marked by human experts. In this example, the transition in the posterior cingulate is a clear transition (high clarity), and the transition in the superior temporal 
gyrus is not clear (low clarity). (Bottom) Examples of the scalp EEG (Fz-Cz) and SEEG signals in one sleep epoch before and after the transition are shown on 
the bottom left and right respectively. The same channels as in the top panel are shown. The blue traces correspond to the broadband signals and the black 
trace to the particular band associated with the most important feature in each brain region (variability in the 1 to 2 Hz band activity in the posterior cingulate, 
first log-cumulant of the multifractal spectrum in the superior temporal gyrus, which in practice is highly correlated to the overall amplitude; thus in the latter 
case, the main feature corresponds to the raw blue signal). The amplitude scale is different to better show the signals in different channels, but it is the same 
in the NREM and REM epochs to facilitate the comparison.

http://www.pnas.org/lookup/doi/10.1073/pnas.2300387120#supplementary-materials
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were less clear and earlier compared to the scalp as the night 
advances, without statistically significant regional differences. 
While the difference of clarity had small effect size for all cycles, 
the effect size of the delay was medium for the first (d = 0.47), 
second (d  =  0.55), and fourth (d  =  −0.47) cycles and large 
(d = −0.81) for the fifth cycle.

Discussion

Using combined PSG-SEEG recordings and leveraging the com-
plementarity of manual global scalp EEG and automatic local 
SEEG sleep scoring, we conducted a systematic study of local 
properties of NREM to REM sleep transitions. We demonstrated 
that i) the NREM to REM sleep transition is a progressive process 
underpinned by asynchronies between local brain regions 

transitions; ii) REM sleep onset shows a reproducible anatomical 
pattern starting in the occipital cortex and ending in the fronto-
orbital cortex; and iii) this pattern is modulated by sleep homeo-
static pressure.

A Gradual NREM to REM Sleep Transition as Assessed by REM 
Sleep Features. The sequential cascade of events initiated during 
NREM sleep before the onset of REM sleep is well known by sleep 
neurophysiologists used to detect sawtooth waves in the scalp EEG 
several minutes before REM onset. This is also consistent with the 
American Academy of Sleep Medicine sleep scoring guidelines, 
which do not consider sawtooth waves as a criterion for scoring 
REM sleep (36). Thus, a time lag of several minutes between the 
onset of the different REM sleep features was reported in PSG 
recordings (30); the majority of the time, the sequence of events 

Fig. 4. Clarity and delay of the local NREM to REM sleep transition of different brain regions. (A) Clarity of the transitions. The clarity of the transition is highest 
in the posterior cingulate cortex and mesiotemporal regions and lowest in the rest of the temporal lobe. (B) Relative delay of the local transitions in different 
brain regions. On average, the transitions are observed in the lateral occipital cortex 3 min before the fronto-orbital cortex.

Fig. 5. Effect of sleep cycle on delay and clarity of transitions. (A) Clarity and (B) Delay between intracranial and scalp transitions with respect to the sleep cycle. 
Each dot represents a global transition. For later cycles, the clarity decreases and the intracranial transition occurs earlier, with the transition of the second cycle 
happening on average 1 min after the scalp transition and the fifth and later cycles 1 min 18 s before the scalp transition.
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began with a reduction in muscle tone, followed by sawtooth waves 
appearance, and terminating with bursts of REMs. In our present 
work, we observed a different sequence, starting with sawtooth 
waves and then muscle atonia and bursts of REMs. This discrepancy 
might be linked to the duration of the time window used for the 
retrograde search of REM sleep features which was increased to up 
to 10 min in our study, allowing to capture earlier sawtooth wave 
bursts. We found a 4-min average delay between sawtooth waves 
and the first burst of REMs which was most often associated with 
the onset of REM sleep. This timing echoes a previous report of 
dramatic changes in scalp EEG in the 2 to 5 min preceding REM 
sleep onset as defined by the combination of EEG and non-EEG 
[electromyography (EMG) and electro-oculography (EOG)] criteria 
(26). Physiological mechanisms responsible for the generation of 
REM sleep features mainly involve brainstem structures. REM-on 
networks include glutamatergic neurons which drive muscle atonia 
and promote corticohippocampal activation, as well as cholinergic 
neurons which generate ponto–geniculo–occipital waves; REM-
off mesencephalic GABAergic neurons, as well as noradrenergic 
and serotoninergic neurons, cease to inhibit REM-on neurons 
at the NREM to REM transition (1, 37). Complex interactions 
between these networks whose pattern of activity changes several 
minutes before stable entry into REM sleep (38) may account for 
the sequential appearance of REM sleep features.

Local Properties of NREM to REM Sleep Transitions. Our work 
adds to the understanding of the local properties of sleep, 
which until now had mainly been studied during sleep/wake 
transitions. On average, the transitions were observed in the 
lateral occipital cortex 3 min before the fronto-orbital cortex, 
although the time between the first and last local transition 
among all the explored intracranial channels reached 8 min. 
Local intracranial transitions happened earlier when the 
pretransition NREM sleep stage was N1, possibly reflecting the 
fact that N1 scoring in scalp was influenced by intracranial R. 
Transitions associated with more stable pre- and posttransition 
sleep were clearer, but there were no important differences 
in relative delays. The observed values are in the same order 
as those described in a recent paper on the hippocampo–
neocortical sleep state divergence (32). In this paper, the authors 
compared manual scoring of sleep in the scalp EEG and in 
the hippocampus in eight patients explored with PSG-SEEG 
and found that nonsimultaneous state pairs, including REM 
in a structure and N2 in the other, had median durations of 
less than 2.5 min. Of note, in the Guthrie et al. study (32), 
the hippocampus was found to transition to REM before 
the cortex, whereas we observed in the present work that the 
mesiotemporal area exhibited the closest transition to the global 
scalp transition. This may be explained by the different (manual 
versus automatic) approach in local sleep scoring. Actually, no 
guidelines are available for hippocampus sleep stage scoring, and 
the specificities associated with sleep in this structure, such as 
a particular rhythmic slow (1.5 to 3 Hz) activity in REM sleep 
(39, 40), make the scoring rules used for scalp EEG difficult to 
apply (36). The strength of our study was the use of a validated 
automatic sleep scoring algorithm, which allowed not only to 
score a huge amount of data (29 nights in 718 channels) but also 
to overcome the issue associated with the heterogeneity of sleep 
patterns according to brain areas. This is particularly relevant for 
the lateral and inferior temporal cortex as well as the calcarine 
cortex, where sleep features exhibit specificities with lower rates 
of spindles and slow waves in NREM and lower beta as well as 
increased delta–theta activity in REM sleep as compared to the 
frontoparietal neocortex (41–44).

Regulations of NREM to REM Sleep Transitions. The heterogeneity 
in REM sleep onset may reflect differences in sleep regulation 
according to brain regions. Indeed, NREM sleep homeostatic 
pressure is higher in frontal regions and lower in occipital areas, 
where the decrease in slow wave activity over the night is also less 
pronounced (42, 45). This may account for the earlier entry of 
the occipital cortex into REM sleep which may in itself play an 
active role in the switching of sleep stages as recently reported 
in rodents (46). Interestingly, in this work, occipital activity 
was found to increase during the NREM to REM transition, 
immediately after the pontine part of the ponto–geniculo–
occipital waves; this is in line with our observation of a close 
temporal relationship between sawtooth waves (believed to be 
the cortical component of ponto–geniculo–cortical waves) and 
REM sleep onset in the occipital cortex. We observed that the 
sleep cycle influenced the delay between the intracranial and 
the scalp EEG global transition, with the latest cycle showing 
an increased delay. The mechanisms underlying this cycle effect 
warrant further investigation. They may involve the dissipation 
the dissipation of NREM sleep pressure across the night and/
or the short-term increase in REM sleep homeostatic pressure, 
thought to underpin ultradian sleep cycle regulation (47), and 
might be locally regulated.

Physiological and Pathophysiological Implications. Our findings 
not only provide insights about sleep physiology but also contribute 
to explain sleep-related experiences such as parasomnia occurring at 
the REM sleep borderland. Asynchrony in REM sleep onset may 
indeed translate into hallucinations (linked to the earlier entry of 
the occipital cortex in REM sleep) or sleep paralysis, which can 
be observed in pathological conditions like narcolepsy and are 
enhanced in case of sleep deprivation or in sleep/wake rhythms 
disorders when sleep regulation is challenged (24, 25). The presence 
of local REM sleep in global NREM sleep several minutes before the 
scored transition may also be associated with dreaming experiences 
and could represent the neurophysiological correlate of “covert 
REM” proposed to be responsible for much of the dream-like 
cognitive activity in NREM sleep (48). To note, dream reports are 
particularly prevalent during morning NREM sleep, which is in 
line with our finding of an increased delay between intracranial and 
scalp global transition, and thus a longer period of local REM sleep 
in NREM sleep (49, 50). Interestingly, reduced delta and increased 
beta–gamma frequency power was recently reported during the pre-
REM period in people suffering from nightmares, suggesting an 
imbalance between sleep- and wake- or REM-promoting systems 
(51). The NREM-to-REM transition could thus be considered 
as a vulnerability period, likely to provide a biomarker of certain 
pathologies and to favor the emergence of undesirable experiences 
during sleep.

Limitations. We acknowledge several limitations. First, SEEG 
studies are always hampered by spatial sampling which does not 
provide homogeneous coverage of the brain, although we sought 
to overcome this bias by including a high number of patients. 
Second, results were obtained in patients with epilepsy under 
antiseizure medication, which is the only circumstance where these 
types of recordings are possible. However, channels with abnormal 
activity were carefully discarded from analyses, and results are 
in line with data obtained in animals, especially regarding the 
occipital cortex. Third, regional analyses (such as the homeostasis 
effect) were limited by the large variability of data resulting from 
limited numbers of events per region.

Fourth, the SleepSEEG algorithm provides information about 
sleep stage probability, which is a less clear-cut approach than 
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manual scoring, but aligns more with sleep physiology. The algo-
rithm was built based on the scalp EEG sleep stage scoring, which 
may be a theoretical limit as local regions may be in different sleep 
stages than what is observed at the global scalp EEG scale and as 
local specificities were defined by the results of the classifier with 
a global to local approach. To note, only stable sleep periods 
excluding transitions were used to design the algorithm, and, in 
the test set, the global sleep stage derived from all channels staging 
using SleepSEEG showed high concordance with visual scoring 
for all sleep stages except N1 (35). Finally, SleepSEEG was not 
able to detect REM sleep in 5% of channels × transitions, mainly 
in the lateral temporal neocortex; this may be related to the clarity 
of transitions and to physiological specificities of sleep in these 
regions (41, 44).

Conclusion

In this study, we provide evidence that the transition from NREM 
to REM sleep is a reproducible and gradual process, spreading from 
the occipital to the frontal lobe with important local heterogeneity, 
thus reflecting local specificities in sleep regulation. Further work 
is needed to investigate the experiential correlates of this asynchrony 
and its modulation by pathological conditions.

Materials and Methods

Patient Selection. Charts of the 55 drug-resistant epilepsy patients who had 
undergone SEEG recordings combined with PSG including EOG and EMG of the 
chin and scalp EEG at the Montreal Neurological Institute and Hospital between 
September 2013 and September 2020 were reviewed. Inclusion criteria for 
the present study were i) age > 15, ii) presence of at least one intracranial EEG 
channel with normal activity, and iii) absence of secondarily generalized seizures 
during the 12 h before the evaluated sleep recording. Sleep cycles with focal 
symptomatic seizures were removed from the study, as well as NREM to REM 
transitions occurring from 10  min before to 10  min after focal asymptomatic 
epileptic discharges. Patients in whom epileptic activity, nonepileptic anomalies, 
or artifacts interfered with sleep scoring in the scalp EEG were excluded. The final 
study sample was composed of 29 patients. Information on the demographic 
and electroclinical findings of the investigated patient group is provided in 
SI Appendix, Table S1. This study was approved by the Review Ethics Board at 
the Montreal Neurological Institute and Hospital for the project “Insights into 
human REM sleep physiology: an intracerebral EEG study in epilepsy patients” 
(REB#MP-NEU-13-056). All patients granted written informed consent.

Intracranial and Scalp EEG Recording. An average of 10.3 (median 10, range 
6 to 15) S-EEG Montreal Neurological Institute and Hospital (MNI) (10 contacts of 
0.5 to 1 mm separated by 5 mm) or DIXI (10 to 15 contacts of 2 mm separated by 
1.5 mm) depth electrodes were implanted stereotactically through an orthogo-
nal or oblique approach using an image-guided system. Intracerebral electrode 
positions were tailored for each patient and depended on the clinical hypothesis. 
The deepest contacts were targeting the mesial aspect of the explored lobe, and 
the most superficial ones were targeting the lateral neocortex. The scalp EEG was 
obtained with subdermal thin wire electrodes at positions F3, F4, Fz, C3, C4, Cz, 
P3, P4, and Pz (52). On the night of the sleep recording, which was at least 72 h 
postimplantation, additional electrodes for EOG and chin EMG were applied. 
Sleep recordings started at around 20:00 and ended the next morning after spon-
taneous awakening. The median (range) time of “lights off” was 22:56 (20:42 to 
2:08) and “lights on” was 7:39 (5:54 to 9:29), and the interval between these two 
markers was 8 h 38 m (6 h 44 m to 11 h 15 m). The EEG signal was high-pass fil-
tered at 0.1 Hz, low-pass filtered at 500 Hz or 600 Hz, and sampled at 2 kHz. EEGs 
were recorded using the Harmonie EEG system (Stellate) from 2010 to 2017 and 
the NeuroWorkbench EEG system (Nihon, Kohden) after 2017. Recordings were 
acquired with a common reference (epidural electrode fixed in the bone). Scalp 
EEG analysis was performed using a standard bipolar montage (F3-C3; C3-P3; 
Fz-Cz; Cz-Pz; F4-C4; C4-P4) instead of a traditional mastoid referential montage 
because of the localization of the intracranial electrodes, the risk of infection as 

well as the potential contamination of this reference by epileptic activity in case of 
a temporal focus (9). All intracranial analyses were done using bipolar montages 
with the neighboring contacts on the S-EEG electrode in-depth EEG.

Selection of Intracranial EEG Channels. Only intracranial channels showing no 
or very rare epileptic discharges as well as no other background abnormalities and 
artifacts and that were not part of the seizure-onset zone were evaluated, as done 
in our previous work (12, 41, 53). Thus, we selected a total of 718 bipolar channels 
(median 16 per patient, range 3 to 105). The anatomic localization of electrodes 
was determined by coregistering preimplantation Magnetic Resonance Imaging 
(MRI) and postimplantation Computed Tomography (CT) or MRI of each subject, 
and individual coordinates were then standardized in a common stereotaxic space 
using minctools (http://bic-mni.github.io/) and the Intraoperative Brain Imaging 
System framework as previously described (53, 54). We joined the channels from 
both hemispheres and grouped the channels recording from the same brain 
region in 27 regions based on the Medical Image Computing and Computer 
Assisted Intervention (MICCAI) atlas (53, 55), with at least 10 channels from at 
least four patients in each region, except for mesiotemporal region with six chan-
nels from four patients. The template and the number of channels recording from 
each brain region are shown in SI Appendix, Figs. S1 and S2.

Visual Sleep Scoring. Sleep was scored manually in 30-s epochs of scalp EEG 
recordings in line with American Academy of Sleep Medicine criteria (36) by 
board-certified neurophysiologists (B.F. or L.P.-D.). All the NREM (N1, N2 or N3 
stages) to REM transitions were marked by one of the scorers (B.F. or L.P.-D.), 
reviewed by the other, and, in case of disagreement, discussed to reach a con-
sensus on the timing of the first REM epoch based on the available information 
gathered from EEG, EOG, and chin EMG. A transition was defined at the time of the 
first R epoch of each cycle, and only one (the first) transition per sleep cycle was 
kept. For each transition, we used the same consensus approach for the marking 
of i) the first burst of REMs (defined as a deflection <500 ms clearly standing out 
the background EOG); ii) the muscle atonia onset (defined as the first decrease 
in muscle tone amplitude so that it reached an amplitude no higher than in any 
other sleep stage, usually at the lowest level of the entire recording, for at least 
1 s. For some transitions (~15%), the marking of muscle atonia was not possible 
because of already low muscle tone in NREM); and iii) the first burst of at least 
three consecutive sawtooth waves (defined as frontocentral surface positive 2 to 
5 Hz waves of triangular morphology, with a slow incline to a negative peak with a 
consecutive steep linear decline ending in a positive peak as described in ref. 30). 
As clear sawtooth waves could be observed several minutes before some NREM 
to REM transitions, we decided to mark them up to 10 min prior to the transition.

Data Processing and Signal Analysis. SEEG-based local transitions were deter-
mined automatically by using a machine learning algorithm. The features were 
the same as in von Ellenrieder et al. (35) since they were deemed to be capable 
of very good performance in sleep scoring. The 24 spectral features are computed 
in 30-s epochs coinciding with the sleep scoring epochs and consist of three 
multifractal spectrum coefficients to characterize the nonoscillatory part of the 
spectrum, and 21 features derived from a wavelet decomposition of the data, 
including mean, SD, and sum of squares of the coefficients of seven scales related 
to the frequency bands of 0.5-1-2-4-8-16-32-64 Hz. Classification trees were used 
to perform a binary classification (stage R or another stage) for each channel and 
epochs in the interval between 10 min before and after each scalp transition. We 
defined the main feature for a brain region as the feature with highest average 
importance among all the channels in the region, where the importance of each 
feature is computed as the average risk in all splits of the classification tree nodes.

The training data corresponded to epochs from the same channel, from the 
whole night but away from any transition (at least 10 min away from any transition 
between stage R and other stages as scored on the scalp, except if there were less 
than 30 such epochs in stage R, in which case R epochs closer to the transitions 
were included until reaching 30). SI Appendix, Fig. S4A shows the degree to which 
each individual feature can separate the training data of stable R in different brain 
regions. Note, however, that the features are correlated, and a good separation for 
the individual feature does not mean high importance when using all features 
together to perform the classification. We defined the main feature for a brain 
region as the feature with highest average importance among all the channels in 
the region, where the importance of each feature is computed as the average risk 
in all splits of the classification tree nodes. The importance of different features 

http://www.pnas.org/lookup/doi/10.1073/pnas.2300387120#supplementary-materials
http://bic-mni.github.io/
http://www.pnas.org/lookup/doi/10.1073/pnas.2300387120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300387120#supplementary-materials
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in different brain regions is shown in SI Appendix, Fig. S4B. Examples of average 
feature values around the transitions, used as the input to the classifier, are shown 
in SI Appendix, Fig. S5. The output of the classifier was the probability of stage R 
during the 20 min interval centered around each scalp transition (Fig. 2).

The transition time of the intracranial channel was determined as the start 
time of the first epoch in which the probability of stage R was higher than 0.5. 
Additionally, we defined the clarity of the transition as the correlation coefficient 
between the probability of stage R and an ideal transition with null stage R proba-
bility in the 10 min preceding the previously determined transition time, followed 
by 5 min of stage R probability equal to one. Thus, a clarity close to one would 
resemble an ideal transition, while if the stage R probability oscillates between 
low and high probability, the clarity would be low, indicating that there is not a 
large difference in the signal features between stage R and other stages.

Model Selection and Statistics. To aid in the interpretation of the channel/
transitions data, we performed a model selection to explain the time difference 
data between scalp and intracranial transitions with different variables. We used 
the Akaike Information Criterion (AIC) with small sample size correction (56). The 
investigated variables were brain region, patient, sleep cycle number, transition 
number, and channel and all their valid combinations (some variables invalidate 
others, e.g., if there is a parameter for each channel, the brain regions cannot be 
assigned another parameter). The AIC selects a model minimizing a balance of the 
number of parameters (model complexity) and the residual error (quality of fit). 
The difference between AIC values for two models reflects the relative probability 
of the models and can be used to determine whether a model is significantly 
better than another (a difference in AICs higher than six implies the model with 
lower AIC value generated the data with a 95% probability).

Since we are not expecting that the transition characteristics are exactly the 
same in different brain regions, testing equality hypothesis is not informative. 
Instead, we focus on the effect size of the differences, which is of practical interest. 
We report the effect size via the Cohen’s d value (d = 0.5 considered medium 
effect size, d = 0.8 large effect size) for time differences and via Cliff’s d (d = 0.3 
considered medium effect size, d  =  0.5 large effect size) value for the non-
normally distributed clarity measure.

Data, Materials, and Software Availability. All the data necessary for 
reproducing the results, all the results, and the code are publicly available at 
https://doi.org/10.5281/zenodo.7838640 (57). Raw data are available upon 
reasonable request to the senior author and in compliance with local ethical 
regulations.
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