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Glossary of terms 
non-simultaneous and asynchronous sleep states: different scored sleep states occurring at 
the same time (same epoch) in different brain regions in the same subject; REM: Rapid eye 
movement sleep; non-REM: stages N2, and N3 

Abstract 
Sleep is assumed to be a unitary, global state in humans and most other animals 
that is coordinated by executive centers in the brainstem, hypothalamus, and 
basal forebrain. However, the common observation of unihemispheric sleep in 
birds and marine mammals, as well as the recently discovered non-pathological 
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regional sleep in rodents, calls into question whether the whole human brain 
might also typically exhibit different states between brain areas at the same time. 
We analyzed sleep states independently from simultaneously recorded 
hippocampal depth electrodes and cortical scalp electrodes in 8 human subjects, 
who were implanted with depth electrodes for pharmacologically intractable 
epilepsy evaluation. We found that the neocortex and hippocampus could be in 
non-simultaneous states, on average, one third of the night and that the 
hippocampus often led in asynchronous state transitions. Non-simultaneous bout 
lengths varied from 30 s to over 30 min. These results call into question the 
conclusions of studies, across phylogeny, that measure only surface cortical 
state but seek to assess the functions and drivers of sleep states throughout the 
brain.  

 
Significance Statement 
We report here the first evidence that human cortical and subcortical brain areas 
exist in different combinations of simultaneous sleep-wake states throughout the 
night. These findings contribute to our understanding of the complexity of sleep 
generation mechanisms and hold implications for the functions of sleep. Future 
studies should directly measure or take into consideration the putative sleep 
state of the region of interest or risk missing important effects of experimental 
manipulations on subcortical areas that could be critical to understanding the 
sleep question at hand. 

Main Text 

Introduction 
Sleep has been assumed to be a global behavior that is centrally 

controlled. The main assumption is that various states occur simultaneously 
throughout the brain and body, except in abnormal conditions. 

The first evidence to suggest the contrary of this widely accepted theory 
came with the discovery of unihemispheric sleep in birds and sea-going 
mammals, such as seals, dolphins, and whales (1). Birds can sleep with one eye 
open, alert to environmental dangers or opportunities, while the brain hemisphere 
contralateral to the closed eye simultaneously shows all the signs of non-rapid 
eye movement (non-REM) sleep (2). Asynchronous sleep onset has been 
previously described in humans, where increases in sleep spindle density in the 
hippocampus (3) and slow wave power in the thalamus (4) occurs prior to sleep 
onset defined using scalp EEG. In rodents (5–7), non-human primates (8), and 
humans (9, 10), features of different non-REM sleep states such as slow waves 
and spindles have been observed within local cortical areas (termed local sleep). 
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In these cases, sleep was scored using cortical electrodes or scalp EEG, while 
sleep features occurring in local circuits were characterized within this global 
state.  

When objective, standard sleep-scoring criteria were applied 
independently to signals recorded from the rat hippocampus and parietal 
neocortex to distinguish NREM sleep from REM, the results yielded different 
answers to the question “in what sleep state is this animal now?” (11). This study 
found different simultaneous regional sleep states occurred quite often in 
transitions between global states. The prevalence of asynchronous sleep states 
between superficial and deep cortical structures in rodents has been observed in 
other studies as well (12, 13). However, the dynamics of different simultaneous 
sleep states between regions have not been described in humans. The existence 
of non-simultaneous sleep states would indicate that sleep modulating centers of 
the brain are not as homogeneously functionally connected to their cortical 
targets as previously hypothesized. More importantly, if deep cortical and 
subcortical areas frequently exhibit different sleep states from what is reflected 
on recordings from superficial cortical sites, then studies based on cortical sleep 
alone might miss important manipulation effects on subcortical areas that could 
be critical to understanding the functions and drivers of sleep. 

We report here the first evidence of sustained simultaneous presence of 
different sleep-wake states in the human neocortex and hippocampus that 
fluctuate throughout the night. These findings encourage caution in interpreting 
sleep physiology findings solely based on a single cortical channel and support a 
distributed rather than centralized organization of sleep.   

Results 
In this study we used a publicly available dataset of whole night 

electroencephalography (EEG) from the neocortex (Cz electrode) and 
intracranial (iEEG) recordings from the posterior hippocampus of 8 participants 
with epilepsy, who were implanted with depth electrodes for seizure localization 
(14). The average recording length was 8.6 ± 1.2 h. Details on participants and 
how data were collected, including MNI coordinates, are described in detail in 
Ngo, Fell, and Staresina (15).  

We sought to answer the question of whether the human hippocampus 
and cortex exhibit asynchronous state transitions beyond sleep onset, and 
throughout the course of the night. Each recording in the hippocampus and 
cortex was scored independently by an expert reviewer, using standard scoring 
criteria (16) at each site (see methods). Non-simultaneous states were present 
throughout the night among all subjects, and the amount of time spent in each 
state was region-specific. The hypnogram from a single subject in Figure 1a 
shows asynchronous state transitions between the hippocampus and cortex 
throughout the night. An example of the hippocampus transitioning into N2 sleep 
prior to the cortex can be seen in Figure 1b (left panels). In this example, both 
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https://www.zotero.org/google-docs/?kNjXRr
https://www.zotero.org/google-docs/?5py1u3
https://www.zotero.org/google-docs/?BCPQ5W
https://www.zotero.org/google-docs/?e0mXAg


 

 

4 

4 

 

the hippocampus and cortex began in waking simultaneously, but with the 
occurrence of local sleep spindles and K-complexes, the hippocampus 
transitioned into N2 sleep about 14 minutes prior to the cortex, which remained in 
waking. The right panels show the cortex transitioning into and out of REM sleep 
independent of the hippocampus, which remained in N2 sleep for the entire 
cortical REM bout. We found independent sleep states occurring between the 
cortex and hippocampus throughout sleep in all subjects studied (Supp Fig 1).  

Non-simultaneous States are Prevalent throughout the Night  
To determine the amount of time the hippocampus and cortex spent in 

each sleep-wake state, we calculated the percent of time spent in Wake, N2, N3, 
and REM sleep separately for each region. We found that the cortex spent a 
greater amount of time in waking and REM than the hippocampus, while the 
hippocampus spent a greater amount of time in N2 sleep. There were no 
significant differences between regions for N3 sleep (Figure 2a, mean +/- SEM: 
Wake: Hipp: 15% +/- 3%, Cortex: 24% +/- 4%, p = 0.0088; REM: Hipp: 17% +/- 
3%, Cortex: 25% +/- 3%,  p = 0.0047; N2: Hipp: 46% +/- 5%, Cortex: 36% +/- 
3%, p = 0.047; N3: Hipp: 21% +/- 6%, Cortex: 15% +/- 3%, p = 0.26, two-sided 
paired t-test). 

Next we asked how common it was for the two regions to be in non-
simultaneous sleep states. On average, participants spent about one-third of the 
night in asynchronous sleep states (mean +/- SEM: 33.92% +/- 2.9%; range: 
25.3%-49.6%; Supp Fig 1b). 

 To test whether the probability of being in a simultaneous state was 
dependent on the state or region, for each region we computed the proportion of 
time that the other region was in the same state by expressing the number of 
epochs of simultaneous states as a fraction of total time spent in that state within 
the respective region. We found that the proportion of simultaneous states varied 
both by state and region (Figure 2b). When wake or REM occurred in the 
hippocampus, these epochs most often happened with the same state scored in 
the cortex (Wake: 88%, REM: 94%). Conversely, when looking at N2 or N3 
sleep, these states could be non-simultaneous nearly as often as they were 
simultaneous (N2: 52%, N3: 59%). The cortex showed a different pattern than 
the hippocampus, where we found that wake (57%) and REM (62%) states could 
more often occur non-simultaneously. The NREM stages of sleep scored in the 
cortex showed a greater proportion of epochs than the hippocampus happening 
simultaneously between both regions (N2: 67%, N3: 76%).  

Bout Lengths Vary by Region and State 
We sought to characterize the amount of time spent in single bouts of 

each sleep state within the hippocampus and cortex independently. We first 
computed bout lengths within each region without regard to the state of the other 
region. We found that the cortex had longer bout lengths than the hippocampus 
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for Waking, N2, and REM (Wake p = 0.0485, N2 p = 0.012, REM p < 0.0001, 
linear mixed effects model with maximum likelihood estimation with participant 
random intercept and region fixed effects). Bout lengths for N3 were not 
significantly different between areas (Figure 2c, p = 0.596).  

We next compared the duration of bouts (bout lengths) for simultaneous 
and non-simultaneous states. The median bout length was longer for 
synchronous than for asynchronous state pairs. Median bout length in minutes 
for synchronous states were: Wake/Wake: 3.5; REM/REM: 3.5; N2/N2: 3.75; 
N3/N3: 6.5. All non-simultaneous state pairs had medians less than 2.5 minutes 
(Figure 2d). However, there were long upper length tails in both sets of 
distributions. Surprisingly, the non-simultaneous states could last for quite a long 
time, with maximum lengths of N2/N3: 35 min, N3/N2: 31 min, N2/Wake: 26 min, 
N2/REM: 16 min, and REM/N2: 10 min (Supp Table 1).  
 

Variability in Observed State Pair Combinations 
Although non-simultaneous wakefulness, N2, N3, and REM sleep were 

readily observed across all subjects, we noticed that some state pair 
combinations were much more common than others. Some state pairs were only 
seen in a subset of participants. For example, only three subjects exhibited the 
state pair combination of the hippocampus scored in REM while the cortex was 
simultaneously scored as being in N2 sleep. Epochs where the hippocampus 
was scored as N3 and the cortex was simultaneously scored as being in REM 
were observed in four subjects (Supp Table 1). Bout durations for REM/N2 and 
N3/REM could last up to 10 and 7.5 minutes, respectively (median length 
REM/N2 = 1, N3/REM = 1.5 mins). Some state pair combinations were never 
observed, including Wake/REM, REM/Wake, and Wake/N3. 

In general, we found that during non-simultaneous state periods, the 
hippocampus was more often in a deeper sleep state than the cortex, and 
preceded the cortex into deeper sleep stages (Figure 3). Only one participant 
showed a higher prevalence for the cortex to be in a deeper state than the 
hippocampus, and in two participants the amount of time in which the cortex was 
in deeper sleep than the hippocampus was less than 1% (Supp Fig 2). 

 

State Transition Patterns 
Finally, we sought to fully characterize the dynamics of how the state pairs 

transition during the night. For each possible pair of states, we calculated the 
fraction of total transitions that occurred between each pair. We found that some 
transitions were much more common than others, such that the sleep 
architecture could be described with N2/N2 as a major hub with the other 
simultaneous sleep states as spokes radiating off the hub. The intermediate non-
simultaneous state pairs (e.g., N2/Wake and N3/N2) serve as way-stations 
between the simultaneous pairs (Figure 3). Although other transitions were 
possible, they were less common. Interestingly, we didn’t observe transitions 
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directly from one simultaneous sleep state to another–one region always led the 
way. Further research that explores the mechanisms that give rise to this sleep 
architecture would be valuable.   

Sleep-Waking State Determination for the Hippocampus and 
Cortex Follow Standard State Scoring Criteria 

To confirm that the presence of non-simultaneous sleep states did not 
arise from spurious issues with our manual sleep scoring, we evaluated the 
power spectral density (PSD) profiles from each recording within each state as 
scored, in order to test whether scoring in each site matched standard criteria. 
Sleep scoring for each region was performed separately and each site showed 
standard patterns of EEG power for each state as originally defined by the sleep 
scoring manual of Rechtshaffen and Kales (16) (Figure 4). We first evaluated the 
PSD for periods when the hippocampus and cortex were scored as being in the 
same state (Figure 4a). As expected, slow wave–N3–sleep was dominated by 
high amplitude, slow fluctuations in voltage, whereas the intermediate N2 stage 
of sleep was dominated by spindles with or without the presence of K-complexes 
in both regions. In both regions, the waking stage was characterized by low 
power in the slow wave range (0.25-4 Hz) and an increase in power in the theta 
(4-10 Hz) range. The N2 stage was characterized by greater power in the slow 
wave range and in the spindle band (11-15 Hz) and recording sites showed the 
greatest amount of power in the slow wave range during N3 slow wave sleep. 
Increase in power relative to waking and REM sleep in the spindle band was also 
a characteristic of N3 sleep in both regions. REM sleep in both areas was 
characterized by low power in the slow wave and spindle frequency bands and 
lower power in the 7-10 Hz frequency range compared to waking.  

Power Spectral Density Profiles are Consistent between 
Simultaneous and Non-Simultaneous Epochs 

We next explored whether the distribution of power in non-simultaneous 
state pairs was similar to that of homogeneous state pairs for each site across 
the frequency range of 0.25-30 Hz commonly used to score sleep. We 
hypothesized that the PSD profile for the state scored in the region of interest 
during a non-simultaneous state pair would match that of the same region’s 
mean PSD for the same scored state during a simultaneous state. For example, 
if the hippocampus was scored as being in N2 while the cortex was 
simultaneously scored as being in REM sleep, the hippocampal signal on 
average was expected to be more similar to the hippocampal frequency 
composition when N2 was scored in both sites simultaneously compared to when 
scored as simultaneously in REM sleep. Specifically, we compared the mean 

https://www.zotero.org/google-docs/?MXI0a1
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PSD for all epochs of simultaneous N2 to epochs where one region was scored 
as N2 and the other was scored as wake or REM (Figure 4b-c). 

In Figure 4b (left), we show the PSDs of the hippocampus when scored 
as N2 sleep while the cortex was simultaneously scored as being in wake 
(N2/Wake), and compare it to simultaneous N2 and simultaneous wake. In this 
state pair, the hippocampus shows more frequencies significantly different from 
the simultaneous waking state than the simultaneous N2 state. That is, the 
hippocampus PSD reflects true N2 state despite the cortex being in waking. At 
the same time, when the cortex is in the N2/Wake state (Figure 4b, right), the 
cortical PSD more closely reflects the simultaneous waking state, particularly in 
the slow wave frequencies that normally dominate in sleep. 

When the hippocampus is in N2 and the cortex is in REM (N2/REM, 
Figure 4c), the hippocampal PSD differs from REM at every frequency, 
underscoring its true N2 state. However, the hippocampus in N2/REM shows 
lower power than simultaneous N2 at most frequencies from 2-14.5 Hz. 
Interestingly, despite being scored as REM, the cortical PSD in N2/REM is also 
significantly different from simultaneous REM for most frequencies between 0.75 
- 17.25 Hz.  
 Five of the eight subjects also showed N2 in the hippocampus while the 
cortex was in N3 while seven showed the inverse, N3/N2 (Supp Table 1). 
However, the main distinction between these non-REM sleep states is the 
relative amount of slow waves (greater in N3) and spindles (greater in N2). Thus, 
we did not further characterize their non-simultaneity. 

In general, the distribution of frequencies within each individual region 
more closely matches the respective scored state when compared to the state 
scored at the alternate site. In the few cases where the frequencies show 
significant differences, it appears that the non-simultaneous power is 
intermediate between its own state and the alternate state, though always closer 
to the power in the simultaneous state.  

Discussion  
Employing standard sleep scoring criteria independently applied to entire 

night recordings of human hippocampal iEEG and neocortical EEG, we found 
that the hippocampus is often in a different state than the neocortex throughout 
the night. These common non-simultaneous sleep states occupied approximately 
one-third of the night.  A bout of asynchronous states could last for as long as 35 
min and the hippocampus often led the state transition while the neocortex 
followed. The power spectral density of each region during the non-simultaneous 
state resembled that of the same state during simultaneous sleep in the slow 
wave, theta, sigma and beta ranges, with exceptions of intermediate power in 
select frequency bands in some non-simultaneous epochs.  

The finding that different simultaneous sleep states commonly occur in 
brain areas throughout the night indicates that explorations of sleep functions 
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need to take into account the possibility of sleep spatiotemporal specificity. The 
sleep state determined with a neocortical electrode cannot be assumed to 
indicate the state of subcortical structures. Studies examining the effects of sleep 
on physiological and cognitive functions should be viewed in light of the fact that 
the hippocampus can be in a sleep state not indicated by surface cortical signals. 

 

Modularity in Sleep Generating Structures 
It has been commonly thought that executive sleep-inducing brain 

structures project homogeneously throughout the forebrain. However, recent 
studies have revealed anatomical modularity in the projection patterns of areas 
strongly influential to sleep, such as the basal forebrain (17) and locus coeruleus 
(18–21). That is, subsets of cells in the locus coeruleus work together as a 
module in the prefrontal cortex, whereas other subsets function in the motor 
cortex and still others in the hippocampus. These individual modules can act 
independently of one another, and could promote arousal or sleep at different 
times to different regions. We found that some state pairs were common, being 
observed across all subjects, while others were only seen in a few patients, and 
some never observed at all such as Wake/REM and Wake/N3. The lack of some 
state pairs being observed may indicate a limit to the modularity of sleep state 
production in the thalamus, hypothalamus, and brain stem. Given the regional 
modularity of these widely projecting sleep/arousal nuclei, it should not be not 
entirely surprising that sleep itself is also regionally modular.  

  

The Hippocampus Leads State Pair Progressions 
We found that the hippocampus often entered sleep prior to the cortex as 

determined by the presence of sleep spindles (Figure 3), lending support to prior 
work showing asynchronous onset of sleep (11, 12). Thus, we find that humans 
can have an “offline” sleeping hippocampus during the cortical waking state, 
replicating prior findings in humans at sleep onset (3). Sarasso et al., found that 
hippocampal spindle density increased in the 30 min window prior to sleep onset 
in humans and that spindle characteristics were not significantly different 
between those detected during NREM sleep and those detected prior to sleep 
onset. These findings lend support to our own analyses in which we define sleep 
onset for both the hippocampus and neocortex by the same criteria—sleep 
spindles alone or k-complexes coupled with sleep spindles—scoring the onset of 
sleep independently for both regions.  

  Although sleep spindles are of thalamic origin, it is standard to use their 
occurrence in determination of sleep onset in cortical areas (16). Increases in 
sleep spindle density around sleep onset varies by electrode site, with the 
hippocampus showing the earliest increase (3). The non-simultaneous increase 
in sleep spindles across brain structures at sleep onset could reflect modularity in 
thalamic inputs to these areas, allowing heterogeneity in the timing of their inputs 
to cortical structures. For example, chemogenetic inhibition of cells in sensory 

https://www.zotero.org/google-docs/?rZHyW6
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areas of the thalamic reticular nucleus (TRN) caused a reduction in observed 
sleep spindles specifically in the corresponding somatosensory cortex (22).  

Taken together, these findings reveal that the spindle and slow oscillation 
generating nuclei of the modular thalamus may play a role in the asynchronous 
appearance of these sleep features at sleep onset. We also found that in addition 
to leading the transition into sleep from wakefulness, the hippocampus was also 
more likely to transition into N3 and REM sleep prior to the cortex. As we report 
the prevalence of asynchronous sleep stages throughout the entire length of the 
recording, it stands to reason that there may also be region-dependent 
modularity in the activity of nuclei within the thalamus throughout the night. Our 
analyses develop these prior human findings further by scoring the entire length 
of the night’s sleep independently for the hippocampus and cortex. This analysis 
allowed for the comparison of sleep stage dynamics and sleep feature properties 
in non-simultaneous states beyond the sleep onset window. Overall, non-
simultaneous state transitions were more common than simultaneous transitions 
between states, replicating prior observations in rodents (11). 

We observed that, in instances where the hippocampus was scored as N2 
and the cortex was scored as either Wake or REM, the frequency composition of 
the cortex was intermediate between N2 sleep and Wake or REM. The scalp 
electrode on the cortex gathers signals from a broader area of tissue than the 
intracranial electrode and could be registering some slow waves and spindles 
from distant cortical or subcortical areas (6, 7). Alternatively, the non-
simultaneous state with intermediate cortical power spectral densities could 
indicate a unique local neocortical state as well. Future studies are needed to 
explore the simultaneity of sleep states among neocortical areas. 

  

Evidence of Non-Simultaneous States Between Cortical Areas 
The analyses presented herein were limited to the channels provided 

through the Open Science Framework (14). Still, previous work using multi-site 
sleep scoring provides some evidence of non-simultaneity between cortical 
electrodes (7, 12). Duran et al scored the sleep of adult rats using prefrontal and 
hippocampal LFP and frontal and parietal EEG independently of one another in 4 
s epochs. They reported differences in the amount of time spent in wakefulness, 
intermediate (N2) sleep and REM sleep between cortical areas. Non-
simultaneous transitions between sleep stages were common among the frontal 
and parietal areas as well, lending support to our finding of asynchronous 
transitions between the cortex and hippocampus.  

Soltani et al., reported findings from multiple recording sites spanning the 
anterior-posterior axis of the cortex in young and aged mice. They used an 
automatic sleep scoring algorithm to determine sleep stages for each individual 
channel. They replicate the prior findings of Duran et al., reporting that the 
amount of time spent in each state (Wake, SWS, and REM) varied by cortical 
area in adult mice. They found that asynchronous state transitions were frequent, 

https://www.zotero.org/google-docs/?Xvckvr
https://www.zotero.org/google-docs/?fn7E7O
https://www.zotero.org/google-docs/?1z4hgP
https://www.zotero.org/google-docs/?5G2kxh
https://www.zotero.org/google-docs/?eDMOF0
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even among neighboring regions. Based on these findings in rodents, it is also 
possible that in humans different simultaneous states between neocortical areas 
may be just as prevalent as what we report here between the hippocampus and 
neocortex.  

 Although the present study was conducted in participants with epilepsy, it 
is likely that these findings apply to healthy humans as well. Pathological activity 
throughout sleep in these subjects was limited to epileptic activity and they 
showed no abnormal dissociated states such as REM behavioral disorder, sleep 
walking/talking, night terrors, or confusional arousals (23). Follow up studies 
using MEG in healthy humans could also help elucidate how often non-
simultaneous sleep states occur at different sites. 
 

A Role for Non-simultaneous States in Learning and Memory  
The function of sleep for learning and memory is likely closely linked not 

only to which sleep stages are modulated following learning, but also to where 
these changes occur. Prior work has shown that the engagement of task relevant 
brain areas during wakefulness shows an increase in EEG slow wave power 
during sleep when compared to adjacent brain areas in rodents (5, 24) and 
humans (25, 26). Future research is needed to determine whether or how 
learning influences simultaneity of states between regions. It may be that some 
of the findings reporting no functional role for sleep could be due to the 
placement of electrodes outside of the region of interest when assessing and 
manipulating sleep states. The benefit of sleep may be dependent on the specific 
brain areas mediating the behavior (27, 28). If, for example, in a hippocampus-
dependent task, REM sleep is deprived based on the appearance of cortical 
REM without regard to the hippocampal state, functionally relevant REM could 
occur in the hippocampus and accomplish memory consolidation. In addition, the 
brain areas involved in functions of sleep may change across sleep cycles. For 
example, Ribeiro et al showed that the areas undergoing plasticity during sleep 
moved from proximal to the hippocampus to secondary and tertiary cortical 
association areas across progressive cycles of sleep (29). Sleep spindles and 
intermediate N2 sleep both increase after learning and predict acquisition in 
learning studies across different learning modalities (30). Future studies should 
examine whether such changes are uniform between cortical and subcortical 
structures. Another possibility is that non-simultaneous states could themselves 
be critical to memory consolidation. Specifically, different neurotransmitter levels 
are required to produce certain memory-linked sleep signatures like slow 
oscillations, theta, and sleep spindles. Non-simultaneous sleep states could 
facilitate the coincidence of these differing signatures to accomplish unique 
functions for learning and memory. For example, the prevalence of K-complex, 
spindle-rich N2 sleep in the hippocampus at the same time that desynchronized, 
theta-rich REM sleep is present in the cortex could signal a unique opportunity 
for memory consolidation. The release of plasticity-inducing acetylcholine and 

https://www.zotero.org/google-docs/?wYSshV
https://www.zotero.org/google-docs/?qRpZrr
https://www.zotero.org/google-docs/?BS4xVJ
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loss of synaptic strengthening norepinephrine during cortical REM while the 
hippocampus remains in N2 sleep could allow the neocortex to revise memories 
under the guidance of strong memory replay from the hippocampus, when the 
neurochemical environment promotes preservation of memories. The question of 
whether synapses are homeostatically regulated and other possible functions of 
sleep depend on the accurate measurement of sleep states. 

 

Implications of Non-Simultaneous REM sleep on Dreaming  
Reports of perceptually and emotionally vivid dreams occurring during 

NREM sleep led to development of the model of covert REM sleep (31, 32). 
While scoring sleep using traditional methods, some epochs of REM sleep may 
be “missed” due to a lack of meeting all standard feature characteristics. Most 
features of REM sleep may be present, but a lack of eye movements or 
concordant reduction in muscle tone leads the scorer to mark such epochs as N1 
or N2 sleep. Thus, an episode of covert REM is defined as “any episode of 
NREM sleep for which some REM sleep processes are present, but for which 
REM sleep cannot be scored with standard criteria” (31, 32). Using 
electrophysiological data from the hippocampus and cortex, we find epochs of 
REM sleep can occur within the hippocampus independently of the cortex, 
lending support to the model of covert REM. It is thought that these covert REM 
episodes–which cannot not be readily observed when relying solely on scalp 
electrodes–give rise to vivid dreaming reported following NREM sleep 
awakenings in healthy subjects. 

Our findings might also help decipher the phenomenon of lucid dreams. 
Lucid dreams are rare, and known to occur predominantly during REM sleep, 
where dreams are most vivid. A lucid dream is distinct from typical dreaming due 
to the awareness of the dreamer that they are in a dream (33, 34). Recent 
systematic investigations into REM sleep lucid dreaming has enabled ‘interactive 
dreaming’ in which investigators engage in two-way communication with trained 
dreamers. Dreamers were trained to respond to external cues through volutional 
gaze changes or muscle movements while maintaining the dreaming state (35). 
Although investigators were able to successfully communicate with subjects 
while lucid dreaming, these attempts were unsuccessful ~60% of the time. We 
find that across subjects, the cortex is in REM sleep simultaneously with the 
hippocampus ~60% of the time (Figure 2b). It may be that in order for the 
dreamer to become aware that they are dreaming, the hippocampus and cortex 
must be in asynchronous states. Further research is needed to determine how 
and through which mechanisms non-simultaneous sleep stages between brain 
areas influence vivid and lucid dreams. 

 
Implications of Non-Simultaneous Sleep States on Sleep Disorders 

There are a number of disorders characterized by what has been 
traditionally interpreted as sleep state misperception on the part of the patient. 

https://www.zotero.org/google-docs/?UC6iYI
https://www.zotero.org/google-docs/?XNk5CM
https://www.zotero.org/google-docs/?VEozXQ
https://www.zotero.org/google-docs/?hHmVmV
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Sleep state misperception (SSM) is defined as occurring when objective 
actigraphy or PSG contrast with subjective sleep estimates (sleep onset latency, 
total sleep time, and wake after sleep onset). SSM has been observed in 
insomnia (36–39), chronic fatigue syndrome (40), fibromyalgia (41–47), and 
irritable bowel syndrome (48). 

Our findings suggest that standard PSG may not reveal the full story of 
what the brain is doing during sleep in these disorders. The patient may be 
accurately perceiving this covert wakefulness, experiencing a state in which 
thought and memory processes similar to wakefulness occur in deep brain 
structures that go undetected by standard PSG. Indeed, there have been at least 
three studies  using standard polysomnography to look beyond sleep 
macrostructure (amount of time spent in each state, sleep onset latency, etc) to 
look at sleep microstructure to find clues as to what characteristics influence 
SSM. Specifically, spectral properties in NREM sleep may distinguish between 
those with SSM and healthy controls (36, 41, 43, 49–51). Neuroimaging studies 
support the idea that a subcortical network remains active during sleep in those 
with SSM (52, 53). Two studies have found that arousal-promoting regions of the 
brain fail to show similar levels of deactivation during sleep in those with 
insomnia when compared to controls (52, 53). 

In our data non-simultaneous states occurred throughout the night and the 
amount of time spent in each state varied by region. Neuroimaging studies like 
those mentioned above (52, 53) showing only 20-30 minute time windows of 
differential sleep/waking states between areas during sleep may still be reporting 
a portion of what normally occurs throughout the entire night. We found state pair 
combinations in which one region exhibited wake-like spectral properties lasting 
up to 26 minutes in length. Thus, there may be some baseline level of 
discrepancy in deactivation levels in even healthy control subjects. However, 
because these imaging studies compared sleep state misperception in patients 
to the brain activity of matched controls who we predict would also have some 
state discrepancies, perhaps overall there is more (e.g., 20-30 minutes more) 
sustained time spent in subcortical waking when the cortex is in NREM sleep in 
those with SSM. Indeed, we found no epochs in which the subcortical 
hippocampus exhibited wakefulness while the cortex was simultaneously scored 
as being in deep slow wave sleep (Supplemental table 1), whereas this is the 
combination found in SSM imaging studies. Future studies are required to 
determine the extent and types of non-simultaneous states in healthy subjects 
and those with disordered sleep. The development of sleep staging methods that 
facilitate both cortical and subcortical recordings will aid in this endeavor. 
 

Non-invasive State Determination of Deep Brain Structures 
Future work investigating the functions of sleep in humans and other 

animals will benefit from the analysis of recordings from deep brain structures 
when they are available. Magnetoencephalography (MEG) can be considered for 

https://www.zotero.org/google-docs/?tmrVfz
https://www.zotero.org/google-docs/?qafePS
https://www.zotero.org/google-docs/?i8Nlzu
https://www.zotero.org/google-docs/?J13Yaa
https://www.zotero.org/google-docs/?T2qaAW
https://www.zotero.org/google-docs/?2x576Z
https://www.zotero.org/google-docs/?lEwoFh
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recording signals from deep brain regions non-invasively during sleep (54). MEG 
allows recordings of several hippocampal rhythms which can be used for 
classifying sleep stages (55), and such recordings have been validated against 
iEEG (56). In cases where recordings from deep brain regions cannot be 
obtained in humans, it may be possible to discern subcortical states through 
identification of unique features observed in cortical channels.  

In our analyses of power spectral density profiles, we find that cortical 
signals during non-simultaneous states exhibit frequency profiles intermediate 
between the cortex’s and the hippocampus’ assigned state power. For example, 
we find that in epochs where the cortex was scored as waking while the 
hippocampus was simultaneously scored as N2, the power in the 16-25 Hz range 
in the cortex was intermediate between that found in the same band during 
wakefulness (highest) and N2 sleep (lowest). In the case of epochs where the 
cortex was scored as REM while the hippocampus was simultaneously scored as 
N2 we again see an intermediate spectral profile, but in the slow wave (0-2 Hz), 
theta (6-9 Hz), and spindle (10-15 Hz) bands. This intermediate power spectral 
density could be targeted to develop a biomarker for asynchronous states. 
Noninvasive determination of hippocampal states from scalp electrode signatures 
alone could refine data analysis and allow reexamination of prior studies. 
Reexamination of cortical signatures indicating subcortical states could reduce 
“noise” in the results or account for different results between studies due to 
previously unidentified differences in subcortical states. 

 

Conclusion 
Taken together, these findings reveal a need to approach sleep studies 

with a targeted focus on functionally relevant brain areas. Our revelation that 
whole sleep bouts sleep can occur independently in different brain areas 
unregistered by surface cortical leads indicates that past study discrepancies 
could be reconciled by reviewing the brain area measured. Furthermore, future 
studies should take into account the understanding that regional sleep states 
between cortical and subcortical structures can and normally do occur beyond 
sleep onset, across the entire sleep period, and across phylogeny—rats, mice, 
birds, seagoing mammals, and now also humans.  

 

Materials and Methods 

Subjects  
Scalp and intracranial EEGs (iEEG), as well as EOG and EMG signals, 

were recorded at the Department of Epileptology, University of Bonn from 14 
patients diagnosed with pharmacologically intractable epilepsy. At the time of 
collection, informed consent and approval for the use of data for research 

https://www.zotero.org/google-docs/?Flg76K
https://www.zotero.org/google-docs/?YQGDuT
https://www.zotero.org/google-docs/?ADcLl8
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purposes was obtained from all patients and the study was approved by the 
ethics committee at the University of Bonn. Further details on data collection can 
be found at (15). 

EEG Recordings 
Depth electrodes were referenced online to linked mastoids and recorded 

at a 1 kHz sampling rate. Details on data acquisition can be found in Staresina et 
al., 2015 and Ngo, Fell, & Staresina 2020 and recordings are publicly available at 
the Open Science Framework repository (14, 15, 57). Further information on 
subject recordings used for analyses can be found in supporting information.  

Sleep Scoring 
Waking, non-rapid eye movement sleep stages N2, N3 and rapid eye 

movement (REM) sleep were scored in 30 s epochs by visual inspection using 
the Visbrain Sleep graphical user interface (58). Epochs containing large artifacts 
were visually marked and removed from the analyses. Sleep was scored for 
hippocampus and cortex independently, with the scorer blind to the scored state 
at the other site. Further details on sleep staging criteria can be found in 
supporting information. 

 

Sleep Depth Characterization 

The standard sleep cycle transitions from waking to NREM stages 1, 2 
and 3 (N1-3), then back briefly to N2, then REM sleep and then the cycle begins 
again(59, 60). Traditional sleep hypnograms put waking at the top, indicating the 
lightest, most responsive state. Cortical EEG during REM sleep resembles the 
waking state, despite having arousal thresholds near to that of N3 sleep (61–64). 
However, we used the standard hypnogram depictions in accordance with many 
other characterizations in the literature.  

We thus assigned each stage a “sleep depth score” on a scale of 0 
(awake) to 3 (deepest sleep). Specifically, each epoch marked as Wake was 
scored as 0, REM was scored as 1, N2 sleep was scored as 2, and N3 sleep was 
scored as 3. For the duration of the hypnogram, we took the hippocampal depth 
score minus the cortical depth score. When positive, the hippocampus was said 
to be in deeper sleep, when 0, the two regions were in simultaneous sleep, and 
when negative, the cortex was in deeper sleep. We then computed the fraction of 
the hypnogram that each participant spent in the hippocampus deeper, cortex 
deeper, or simultaneous sleep. To present overall findings, we took the mean 
value across subjects. 

 

Percent of Time Spent in Each State 
Percent of time spent in each state was calculated for each region 

separately by taking the total time in a respective state and dividing by the total 
duration of the hypnogram. Amount of time spent in each state was averaged 

https://www.zotero.org/google-docs/?kY1P4k
https://www.zotero.org/google-docs/?9pvLqh
https://www.zotero.org/google-docs/?ru7EFh
https://www.zotero.org/google-docs/?L6bElu
https://www.zotero.org/google-docs/?N6Y1R7
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across subjects and compared between the hippocampus and cortex using a 
two-tailed paired t-test function from the Pingouin Python toolbox. 

State Pair Analysis 
Epochs in which the hippocampus and cortex were independently scored 

as being in the same or different sleep stages were respectively defined as 
simultaneous or non-simultaneous states. State pairs refer to the state 
assignment for both regions within an epoch.  

The proportion of simultaneous and non-simultaneous states were 
obtained to describe the amount of time the hippocampus and cortex spend in 
each state separately or together. For each state (Wake, N2, N3, REM), the total 
number of epochs where both brain regions were in the same state 
simultaneously and the total number of epochs each region was in that state 
were extracted. To obtain the proportion of simultaneity, the total number of 
simultaneous epochs were divided by the total number of epochs for the 
respective region.  

Bout Length 
A “bout” of one state in one region begins when that region enters that 

state and ends when that region moves to another state. We determined the 
duration of each bout for the hippocampus and the cortex by computing the 
number of 30-second epochs within the bout and dividing by 2 to yield a length in 
minutes. It should be noted that some bout lengths were underestimated, as 
epochs overwhelmed with artifacts were marked as “unscored” and thus could 
interrupt continuous bouts. Statistical comparisons were completed in RStudio 
using the nlme library (65). The linear mixed effects regression model was fit 
using maximum likelihood estimation with participant random intercepts and 
region-fixed effects. The region-fixed effects indicate the average difference 
between regions and were the primary focus of this analysis. Further details on 
statistical analyses can be found in supporting information. Similarly, bout lengths 
were calculated as described above for bouts of each possible state pair 
between the hippocampus and cortex.  

Transition Diagrams 
To characterize the dynamics of how the brain transitions between sleep 

states, we computed the total number of epochs spent in each state pair. Each 
time point in the hypnogram was defined as either stable, if the next time point 
was assigned the same state pair, or a transition point if the state pair from the 
subsequent time point was different. For each pair of state pairs, {spi,spj}, we 
computed the total number of transitions from spi to spj. We created transition 
diagrams using the digraph function in Matlab (66), where the size of the node 
reflects the total number of epochs spent in each state pair and the shade of the 
directional arrow between them reflects the number of transitions. To present 

https://www.zotero.org/google-docs/?bJcEEs
https://www.zotero.org/google-docs/?WglF1B
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overall findings, we summed the number of epochs and transitions across all 
participants. To decrease visual clutter, arrows between states were omitted if 
there was only 1 such transition for individual participants or if there were five or 
fewer in the cross subject sum. (Visual analysis comparing this method to taking 
the average of proportions indicated nearly identical results.) 

Power Spectral Density Analysis 
To analyze the power spectral profiles in various state pair combinations, 

signals from each 30 s epoch were extracted from the hippocampal and cortical 
signals. Power spectral densities (PSD) were obtained using the YASA IRASA 
PSD function (67) in the frequency range of 0.25-30 Hz for each region and 
normalized between subjects by expressing them as a percentage of the total 
power of all the same simultaneous state epochs and frequencies within the 
recording. The total power was a single value calculated as the sum of the power 
across frequency bands for each state multiplied by the time spent in each 
respective state and calculated for the hippocampus and cortex separately.  
Mean power for each subject was obtained for each frequency bin and power 
between state pairs was compared at corresponding frequency bins with a two-
tailed paired t-test. Confidence intervals for the 95th percentile are shown for 
each state pair. For further details on power spectral density analysis see 
supporting information.  

Acknowledgments 
We thank Hong-Viet Ngo, Juergen Fell, and Bernhard Staresina for making this 
dataset publicly available and Juergen Fell for collecting these data. We would 
also like to thank statistician Nicholas Jackson from UCLA’s Department of 
Medicine Statistics Core who provided guidance for all statistical analyses. This 
work was supported by the UCLA Integrative Biology & Physiology 2020 Eureka 
Scholarship (RSG), UCLA Training in Neurotechnology Translation T32 
NS115753  (RSG), R01 MH60670, and U01 NS108930. 
 

References 

1.  G. G. Mascetti, Gian Gastone, Unihemispheric sleep and asymmetrical sleep: behavioral, 
neurophysiological, and functional perspectives. Nat. Sci. Sleep Volume 8, 221–238 (2016). 

2.  N. C. Rattenborg, et al., Evidence that birds sleep in mid-flight. Nat. Commun. 7, 12468 
(2016). 

3.  S. Sarasso, et al., Hippocampal sleep spindles preceding neocortical sleep onset in humans. 
NeuroImage 86, 425–432 (2014). 

4.  M. Magnin, et al., Thalamic deactivation at sleep onset precedes that of the cerebral 
cortex in humans. Proc. Natl. Acad. Sci. 107, 3829–3833 (2010). 

https://www.zotero.org/google-docs/?iUz1Zr
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK


 

 

17 

17 

 

5.  V. Vyazovskiy, A. A. Borbely, I. Tobler, Unilateral vibrissae stimulation during waking 
induces interhemispheric EEG asymmetry during subsequent sleep in the rat. J. Sleep Res. 
9, 367–371 (2000). 

6.  C. M. Funk, S. Honjoh, A. V. Rodriguez, C. Cirelli, G. Tononi, Local Slow Waves in Superficial 
Layers of Primary Cortical Areas during REM Sleep. Curr. Biol. 26, 396–403 (2016). 

7.  S. Soltani, et al., Sleep–Wake Cycle in Young and Older Mice. Front. Syst. Neurosci. 13, 51 
(2019). 

8.  I. N. Pigarev, H. C. Nothdurft, S. Kastner, Evidence for asynchronous development of sleep 
in cortical areas. Neuroreport 8, 2557–2560 (1997). 

9.  Y. Nir, et al., Regional Slow Waves and Spindles in Human Sleep. Neuron 70, 153–169 
(2011). 

10.  R. Cox, T. Rüber, B. P. Staresina, J. Fell, Heterogeneous profiles of coupled sleep 
oscillations in human hippocampus. NeuroImage 202, 116178 (2019). 

11.  J. J. Emrick, B. A. Gross, B. T. Riley, G. R. Poe, Different Simultaneous Sleep States in the 
Hippocampus and Neocortex. Sleep 39, 2201–2209 (2016). 

12.  E. Durán, C. N. Oyanedel, N. Niethard, M. Inostroza, J. Born, Sleep stage dynamics in 
neocortex and hippocampus. Sleep 41 (2018). 

13.  J. Petrovic, L. Radovanovic, J. Saponjic, Diversity of simultaneous sleep in the motor cortex 
and hippocampus in rats. J. Sleep Res. 30 (2021). 

14.  Ngo, Hong-Viet, Staresina, Bernhard, Sleep spindles mediate hippocampal-neocortical 
coupling during long-duration ripples (2020) https:/doi.org/10.17605/OSF.IO/3HPVR 
(February 12, 2022). 

15.  B. P. Staresina, et al., Hierarchical nesting of slow oscillations, spindles and ripples in the 
human hippocampus during sleep. Nat. Neurosci. 18, 1679–1686 (2015). 

16.  A. Rechtschaffen, A. Kales, A manual of standardized terminoloy, techniques, and scoring 
system for sleep stages of human subjects. Arch. Gen. Psychiatry 20, 246–247 (1968). 

17.  L. Záborszky, et al., Specific Basal Forebrain–Cortical Cholinergic Circuits Coordinate 
Cognitive Operations. J. Neurosci. 38, 9446–9458 (2018). 

18.  D. J. Chandler, C. S. Lamperski, B. D. Waterhouse, Identification and distribution of 
projections from monoaminergic and cholinergic nuclei to functionally differentiated 
subregions of prefrontal cortex. Brain Res. 1522, 38–58 (2013). 

19.  D. J. Chandler, W.-J. Gao, B. D. Waterhouse, Heterogeneous organization of the locus 
coeruleus projections to prefrontal and motor cortices. Proc. Natl. Acad. Sci. 111, 6816–
6821 (2014). 

20.  D. J. Chandler, et al., Redefining Noradrenergic Neuromodulation of Behavior: Impacts of a 
Modular Locus Coeruleus Architecture. J. Neurosci. 39, 8239–8249 (2019). 

21.  G. R. Poe, et al., Locus coeruleus: a new look at the blue spot. Nat. Rev. Neurosci. 21, 644–
659 (2020). 

22.  L. M. Fernandez, et al., Thalamic reticular control of local sleep in mouse sensory cortex. 
eLife 7, e39111 (2018). 

23.  T. Allison, H. Van Twyver, W. R. Goff, Electrophysiological studies of the echidna, 
Tachyglossus aculeatus. I. Waking and sleep. Arch. Ital. Biol. 110, 145–184 (1972). 

24.  V. V. Vyazovskiy, I. Tobler, Handedness Leads to Interhemispheric EEG Asymmetry During 
Sleep in the Rat. J. Neurophysiol. 99, 969–975 (2008). 

https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK


 

 

18 

18 

 

25.  R. Huber, M. Felice Ghilardi, M. Massimini, G. Tononi, Local sleep and learning. Nature 430, 
78–81 (2004). 

26.  S. K. Esser, et al., A direct demonstration of cortical LTP in humans: A combined TMS/EEG 
study. Brain Res. Bull. 69, 86–94 (2006). 

27.  R. M. C. Spencer, Neurophysiological Basis of Sleep’s Function on Memory and Cognition. 
ISRN Physiol. 2013, 1–17 (2013). 

28.  M. A. Frazer, Y. Cabrera, R. S. Guthrie, G. R. Poe, Shining a Light on the Mechanisms of 
Sleep for Memory Consolidation. Curr. Sleep Med. Rep. 7, 221–231 (2021). 

29.  S. Ribeiro, et al., Induction of Hippocampal Long-Term Potentiation during Waking Leads 
to Increased Extrahippocampal zif-268 Expression during Ensuing Rapid-Eye-Movement 
Sleep. J. Neurosci. 22, 10914–10923 (2002). 

30.  L. M. J. Fernandez, A. Lüthi, Sleep Spindles: Mechanisms and Functions. Physiol. Rev. 100, 
805–868 (2020). 

31.  Tore A. Nielsen, A review of mentation in REM and NREM sleep: “Covert” REM sleep as a 
possible reconsiliation of two opposing models. Behav. Brain Sci. 23, 793–1121 (2000). 

32.  T. Nielsen, “What Is the Current Status of Your ‘Covert REM Process’ Theory, Especially in 
the Light of the New Protoconsciousness Hypothesis?” in Dream Consciousness, Vienna 
Circle Institute Library., N. Tranquillo, Ed. (Springer International Publishing, 2014), pp. 
175–180. 

33.  S. P. La Berge, L. E. Nagel, W. C. Dement, V. P. Zarcone, Lucid dreaming verified by 
volitional communication during REM sleep. Percept. Mot. Skills 52, 727–732 (1981). 

34.  P. Tholey, Relation between dream content and eye movements tested by lucid dreams. 
Percept. Mot. Skills 56, 875–878 (1983). 

35.  K. R. Konkoly, et al., Real-time dialogue between experimenters and dreamers during REM 
sleep. Curr. Biol. 31, 1417-1427.e6 (2021). 

36.  A. D. Krystal, J. D. Edinger, W. K. Wohlgemuth, G. R. Marsh, NREM sleep EEG frequency 
spectral correlates of sleep complaints in primary insomnia subtypes. Sleep 25, 630–640 
(2002). 

37.  J. L. Sugerman, J. A. Stern, J. K. Walsh, Daytime alertness in subjective and objective 
insomnia: Some preliminary findings. Biol. Psychiatry 20, 741–750 (1985). 

38.  P. J. Hauri, J. Wisbey, Wrist Actigraphy in Insomnia. Sleep 15, 293–301 (1992). 
39.  J. D. Edinger, et al., Insomnia and the eye of the beholder: are there clinical markers of 

objective sleep disturbances among adults with and without insomnia complaints? J. 
Consult. Clin. Psychol. 68, 586–593 (2000). 

40.  C. Russell, A. J. Wearden, G. Fairclough, R. A. Emsley, S. D. Kyle, Subjective but Not 
Actigraphy-Defined Sleep Predicts Next-Day Fatigue in Chronic Fatigue Syndrome: A 
Prospective Daily Diary Study. Sleep 39, 937–944 (2016). 

41.  A. M. Anch, F. A. Lue, A. W. MacLean, H. Moldofsky, Sleep physiology and psychological 
aspects of the fibrositis (fibromyalgia) syndrome. Can. J. Psychol. Can. Psychol. 45, 179–
184 (1991). 

42.  M. D. Boissevain, G. A. McCain, Toward an integrated understanding of fibromyalgia 
syndrome. I. Medical and pathophysiological aspects. Pain 45, 227–238 (1991). 

43.  H. Moldofsky, Sleep and fibrositis syndrome. Rheum. Dis. Clin. North Am. 15, 91–103 
(1989). 

https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK


 

 

19 

19 

 

44.  M. A. Gupta, H. Moldofsky, Dysthymic Disorder and Rheumatic Pain Modulation Disorder 
(Fibrositis Syndrome): A Comparison of Symptoms and Sleep Physiology. Can. J. Psychiatry 
31, 608–616 (1986). 

45.  P. Saskin, H. Moldofsky, F. A. Lue, Sleep and posttraumatic rheumatic pain modulation 
disorder (fibrositis syndrome).: Psychosom. Med. 48, 319–323 (1986). 

46.  C. A. Landis, et al., Self-Reported Sleep Quality and Fatigue Correlates With Actigraphy in 
Midlife Women With Fibromyalgia: Nurs. Res. 52, 140–147 (2003). 

47.  A. K. Stuifbergen, L. Phillips, P. Carter, J. Morrison, A. Todd, Subjective and objective sleep 
difficulties in women with fibromyalgia syndrome: Sleep difficulties among women with 
FMS. J. Am. Acad. Nurse Pract. 22, 548–556 (2010). 

48.  S. Elsenbruch, M. J. Harnish, W. C. Orr, Subjective and Objective Sleep Quality in Irritable 
Bowel Syndrome. Am. J. Gastroenterol. 94, 2447–2452 (1999). 

49.  A. M. Drewes, et al., SLEEP INTENSITY IN FIBROMYALGIA: FOCUS ON THE 
MICROSTRUCTURE OF THE SLEEP PROCESS. Rheumatology 34, 629–635 (1995). 

50.  E. Van Hoof, P. De Becker, K. De Meirleir, R. Cluydts, C. Lapp, Defining the Occurrence 
and Influence of Alpha-Delta Sleep in Chronic Fatigue Syndrome. Am. J. Med. Sci. 333, 
78–84 (2007). 

51.  P. Manu, et al., Alpha-Delta Sleep in Patients With a Chief Complaint of Chronic Fatigue: 
South. Med. J. 87, 465–470 (1994). 

52.  D. B. Kay, et al., Subjective–Objective Sleep Discrepancy Is Associated With Alterations in 
Regional Glucose Metabolism in Patients With Insomnia and Good Sleeper Controls. Sleep 
40 (2017). 

53.  E. A. Nofzinger, Functional Neuroimaging Evidence for Hyperarousal in Insomnia. Am. J. 
Psychiatry 161, 2126–2128 (2004). 

54.  A. A. Ioannides, et al., MEG tomography of human cortex and brainstem activity in waking 
and REM sleep saccades. Cereb. Cortex N. Y. N 1991 14, 56–72 (2004). 

55.  Y. Pu, D. O. Cheyne, B. R. Cornwell, B. W. Johnson, Non-invasive Investigation of Human 
Hippocampal Rhythms Using Magnetoencephalography: A Review. Front. Neurosci. 12, 273 
(2018). 

56.  A. D. Korczyn, et al., Epilepsy, cognition, and neuropsychiatry (Epilepsy, Brain, and Mind, 
part 2). Epilepsy Behav. 28, 283–302 (2013). 

57.  H.-V. Ngo, J. Fell, B. Staresina, Sleep spindles mediate hippocampal-neocortical coupling 
during long-duration ripples. eLife 9, e57011 (2020). 

58.  E. Combrisson, et al., Sleep: An Open-Source Python Software for Visualization, Analysis, 
and Staging of Sleep Data. Front. Neuroinformatics 11, 60 (2017). 

59.  D. Moser, et al., Sleep classification according to AASM and Rechtschaffen & Kales: effects 
on sleep scoring parameters. Sleep 32, 139–149 (2009). 

60.  Aakash K. Patel, Vamsi Reddy, ohn F. Araujo, Physiology, Sleep Stages (StatPearls 
Publishing, 2022). 

61.  Michael H. Bonnet, Laverne C. Johnson, Relationship of Arousal Threshold to Sleep Stage 
Distribution and Subjective Estimates of Depth and Quality of Sleep. Sleep 1(2), 161–168 
(1978). 

62.  M. H. Bonnet, L. C. Johnson, W. B. Webb, The Reliability of Arousal Threshold During Sleep. 
Psychophysiology 15, 412–416 (1978). 

https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK
https://www.zotero.org/google-docs/?KlZkLK


 

 

20 

20 

 

63.  T. Kato, J. Y. Montplaisir, G. J. Lavigne, Experimentally induced arousals during sleep: a 
cross-modality matching paradigm. J. Sleep Res. 13, 229–238 (2004). 

64.  U. Ermis, K. Krakow, U. Voss, Arousal thresholds during human tonic and phasic REM sleep: 
Arousal threshold in tonic and phasic REM. J. Sleep Res. 19, 400–406 (2010). 

65.  J. Pinheiro, D. Bates, S. DebRoy, D. Sarkar, R Core Team, nlme: Linear and Nonlinear Mixed 
Effects Models (2022). 

66. ,  MATLAB (2022). 
67.  R. Vallat, M. P. Walker, An open-source, high-performance tool for automated sleep 

staging. eLife 10, e70092 (2021). 
68.  D. Ciliberti, F. Michon, F. Kloosterman, Real-time classification of experience-related 

ensemble spiking patterns for closed-loop applications. eLife 7, e36275 (2018). 

  
Figure 1. Different sleep states in the human hippocampus and neocortex. 
(A) Hypnogram from a night of sleep with intracranial hippocampal EEG (black 
trace) and neocortical scalp EEG (gray trace). Note how divergent states 
between the two brain areas occur not only at sleep onset but also throughout 
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the night.  (B) Examples of the hippocampus transitioning into N2 sleep before 
the cortex (left) and the cortex going into REM independently of the hippocampus 
(right). At the top normalized spectrograms for 15 minute windows from the 
hypnogram in (A). In the middle, band-pass filtered (0.1-30 Hz) signals for the 
hippocampus and cortex. Turquoise = Wake, purple = N2, red = REM. In the 
insets at the bottom, signal traces with instances of theta, spindles, and/or K-
complexes (turquoise = theta, purple = spindles and/or K-complexes) used for 
scoring are shown. Hippocampal and cortical independent state assignments are 
listed above the corresponding trace.  
 

 

 

 
Figure 2. Non-simultaneous states between the hippocampus and cortex 
are prevalent throughout the night. (A) Percent of time in each state for the 

hippocampus and cortex (n=8 subjects, ★ p  < 0.05). (B) Proportion of epochs in 

simultaneous state pairs for the hippocampus (dark gray) and cortex (light gray) 

(n = 8 subjects). (C) Median bout length for the hippocampus and cortex (★ p < 

0.05, ★★ p < 0.0001). (D) Median bout length for state pairs. Hippocampal state 

is listed first and the cortical state listed second (e.g, N2/W= hippocampus in N2, 
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cortex in Wake).For panels (A-B), bar height indicates the mean across subjects, 
error bars represent SEM, and dots indicate average for a single subject.  
In panels (C-D), dots indicate duration in minutes of each bout. Bar height in both 
panels show the median and error bars indicate 95% confidence interval.  
Number of bouts are as follows: Hippocampal Wake = 121, cortical Wake = 118, 
hippocampal N2 = 267, cortical N2 = 135, hippocampal N3 = 89, cortical N3 = 56, 
hippocampal REM = 115, cortical REM = 47. W/W = 95, N2N2 = 156, N3N3 = 49, 
RR =107, N2W = 124, N2/R = 98 (Supplemental Table 1). 
 
 
 

 

Figure 3. The hippocampus leads transitions into deeper stages of sleep. 
(A) The fraction of time one region is in deeper sleep than the other. When not in 
simultaneous sleep, the hippocampus is much more often in deeper sleep than 
the cortex. This figure shows the mean values across participants. Individual 
participant data is in Supplemental Fig 1. (B) A directed graph showing how 
state pairs transition into each other. Each node represents one possible state 
pair; the labels show the state pair and number of epochs (summed across all 
participants) that were scored as that pair. The size of the nodes reflects the 
relative prevalence of each state pair, and colors represent the states, with the 
inner color showing the state of the hippocampus (Wake: teal; N2: purple; N3: 
blue; REM: red) and the outer color showing the state of the cortex (very small 
nodes show only the hippocampal color). The directed edges of the graph show 
the total number of times a transition between two state pairs occurred. To 
simplify the graph, edges with 5 or fewer transitions are not shown. Note that the 
total number of transitions is much smaller than the total number of epochs, 
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because long bouts of a single state pair account for many epochs but only one  
transition to/from that bout.  
 

 

Figure 4. Power Spectral Density (PSD) profiles show typical variation 
across sleep and wake states and dissociated states resemble their scored 
state. (A) Mean PSD across 8 subjects for simultaneous states in the 
hippocampus (left) and cortex (right). (B) Mean PSD across 8 subjects for the 
hippocampus (left) and cortex(right) for all epochs where the hippocampus was 
scored as N2 and the cortex was simultaneously scored as being in waking. (C) 
Mean PSD across 8 subjects for epochs where the hippocampus (left) was 
scored as N2 and the cortex was scored simultaneously as REM (right). In 
panels (B-C), mean normalized PSD of the non-simultaneous state is shown with 
the mean PSD of the corresponding simultaneous state and the mean PSD for 
the simultaneous state scored at the other site. All PSDs are expressed as a 
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percentage of the sum of power across all simultaneous states and frequencies 
(0.25-30 Hz). Shaded regions correspond to the 95% bootstrap confidence 
interval for each frequency bin. Squares indicate significant differences at each 
frequency bin between the mean PSD of the non-simultaneous state and the 
corresponding simultaneous state (    = p < 0.05). 
 

 



Supporting Information
Supplemental Methods

EEG Recordings
Data from fourteen subjects from this dataset were examined and data from eight

subjects were used for the presented analyses. Four of 14 subjects were excluded due
to having little sleep in their record in either hippocampus or neocortex. Because
simultaneous states were used to normalize power between subjects for statistical
comparisons (see Power Spectral Density Analysis), two other subjects were excluded
due to the absence of any epochs of simultaneous REM sleep between the
hippocampus and cortex, that is, all of their REM sleep was non-simultaneous.

Sleep scoring
Sleep was scored for hippocampus and cortex independently, with the scorer

blind to the scored state at the other site. Criteria for scored states were according to
Rechtschaffen & Kales 1968 and were as follows (1):

1. Wake (W) = low amplitude, mixed frequency or alpha activity (8-11 Hz).
2. NREM stage 2 (N2) = low amplitude and mixed frequency EEG with interruptions

of sleep spindles (11-15 Hz) and slow oscillations or K complexes.
3. NREM stage 3 (N3) = high amplitude slow wave activity, with or without  the

presence of sleep spindles.
4. REM = low amplitude, mixed frequency activity with low power in the beta band

(16-30 Hz).

Bout length
To compare bout lengths between the hippocampus and cortex we used a

statistical test that would allow us to (a) account for differences in the number of
observations because the hippocampus and cortex could have different numbers of
bouts in each state and (b) account for repeated measures across participants due to a
single subject contributing to multiple bouts from either the hippocampus or cortex. The
linear mixed effects model allows us to account for within-person correlation that arises
due to these repeated measurements. The linear mixed effects regression model was fit
using maximum likelihood estimation with participant random intercepts and region-fixed
effects. The region-fixed effects indicate the average difference between regions and
were the primary focus of this analysis.  This model takes the form of:

𝑌𝑖 =𝑏0+𝑏1𝑥𝑖 +𝑢0,𝑖 + 𝜀𝑖
where 𝑌𝑖 represents the bout lengths (within a state) for each person (𝑖). 𝑏0 is the fixed
effect intercept, which represents the average bout length across individuals when

https://www.zotero.org/google-docs/?kCRCy1


region=0 (i.e. the cortex). 𝑏1 is the fixed effect slope for the region (𝑥𝑖), which indicates
the difference between the hippocampus (region=1) and cortex (region=0).  𝑢0,𝑖 is the
random intercept, specified at the subject level, and is normally distributed [~N(0,σ2)]
representing the average deviation of a subject's individual intercept from the fixed
effect intercept (𝑏0). Lastly 𝜀𝑖 is the term for the residual variance, is normally distributed
[~N(0,σ2)], and represents the difference between the subjects observed and model
predicted score (i.e. the variance unexplained by the model).

Power Spectral Density Analysis
Power spectral density (PSD) profiles in various state pair combinations were

extracted in 30s epochs from the hippocampal and cortical signals. Transition epochs,
defined as the first and last epoch of contiguous state bouts, were removed as they
could contain more than one state within the epoch. PSDs were obtained using the
Welch periodogram method in the YASA IRASA (2) function where the Fast Fourier
Transform was averaged over 4s windows of the signal with 50% overlap. Spectral
values in the frequency range of 0.25-30 Hz for each region were normalized between
subjects by expressing them as a percentage of the total power of all the same
simultaneous state epochs and frequencies within the recording. The total power was a
single value calculated as the sum of the power across frequency bands for each state
multiplied by the time spent in each respective state. Total power was calculated for the
hippocampus and cortex separately because each region showed consistently different
amplitude signals based on the placement relative to the signal source and electrode
resistances (all impedences were below 5 kΩ). For each frequency bin, we obtained the
mean power for each subject and compared the power between state pair categories at
each individual frequency using a two-tailed paired t-test. Confidence intervals (95th
percentile) were obtained by randomly resampling the mean using 1000 Monte Carlo
simulations (3).

Supplemental figure legends

Supplemental figure 1. (A) Hypnograms for each subject showing progression of sleep
stages over the course of the overnight recording for the hippocampus (black) and
cortex (gray). (B) The fraction of time one region is in deeper sleep than the other for
each individual subject. Mean values across subjects can be found in Figure 3a.

Supplemental figure 2. Individual variability in state pair progressions across the
night. A directed graph for each participant showing how state pairs transition from one

https://www.zotero.org/google-docs/?p2vKvb
https://www.zotero.org/google-docs/?Mfuui8


to another. Each node represents one possible state pair; the labels show the state pair
and number of epochs that were scored as that pair. The size of the nodes reflects the
relative prevalence of each state pair, and colors represent the states, with the inner
color showing the state of the hippocampus (Wake: teal; N2: purple; N3: blue; REM:
red) and the outer color showing the state of the cortex (very small nodes show only the
hippocampal color). The directed edges of the graph show the total number of times a
transition between two state pairs occurred. To simplify the graph, edges with only one
transition are not shown. Note that the total number of transitions is much smaller than
the total number of epochs, because long bouts of a single state pair account for many
epochs but only one transition to/from that bout.

Supplemental table 1. Median bout lengths for all observed state pairs. State pairs
are listed with hippocampal state listed first and cortical state listed second. The number
of bouts, median and maximum lengths are provided along with the number of subjects
(out of 8) that exhibited each state pair. The minimum length observed was 30s for each
state pair and non-simultaneous states could last up to 36 minutes in length.
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State Pair (Hipp/Ctx) Count Median (mins) Max (mins)
Number of 

subjects

Supplemental table 1.
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