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Key points 
• Rhythmicity in the brain molecular machinery is a novel mechanism that could 

determine the periodicity of epileptiform discharges and seizures. 
• Multiple studies indicate an association between epilepsy and changes in sleep 

microarchitecture, whereas few studies have identified changes in sleep 

macroarchitecture, consistent with independent regulation of these processes. 
• Considerable evidence shows that sleep, and particularly slow waves in sleep, is 

associated with increased rates of epileptiform discharges, but causality remains to be 

tested.  
• Discrepancies between rodent models and humans, such as contradictory associations 

between REM sleep and seizures, can offer mechanistic insights into the interactions 

between sleep and epilepsy. 
• Evidence indicates that epileptiform discharges during sleep can affect memory and 

learning. 
• Contrary to the long-held assumption that interictal epileptiform discharges during rapid 

eye movement sleep provide the best localization of the seizure-onset zone, evidence 

now suggests that localization is better during non-REM sleep 
 
Abstract 
Epidemiological evidence has demonstrated associations between sleep and epilepsy, but we 

lack a mechanistic understanding of these associations. If sleep affects the pathophysiology 

of epilepsy and the risk of seizures, as suggested by correlative evidence, then understanding 

of these effects could provide crucial insight into the basic mechanisms that underlie the 

development of epilepsy and the generation of seizures. In this Review, we provide in-depth 

discussion of the associations between epilepsy and sleep at the cellular, network and system 

levels, and consider the mechanistic underpinnings of these associations. We also discuss the 

clinical relevance of these associations, highlighting how they could contribute to 

improvements in management of epilepsy. A better understanding of the mechanisms that 

govern the interactions between epilepsy and sleep could guide further research and the 

development of novel approaches to the management of epilepsy. 
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[H1] Introduction 

The interplay between epileptic seizures and sleep has been recognized since the time of 

Aristotle1. Numerous epidemiological studies have demonstrated the link between sleep 

disorders and epilepsy2, but, until recently, research on the mechanisms that underlie these 

interactions has been limited. Yet, understanding of these mechanisms could have important 

clinical consequences. Network excitability — and consequently seizure risk — changes 

throughout the sleep–wake cycle3,4, consistent with the fact that seizures exhibit circadian 

rhythmicity (see Glossary) in most people with epilepsy5. Better understanding of the 

mechanisms that underlie this variable seizure risk should improve our understanding of the 

mechanisms of ictogenesis and epileptogenesis, including how network excitability shapes 

epileptogenic and ictogenic risks in general. This could also help to develop new drug 

regimens tailored to these cycles6. 

Interactions between epilepsy and sleep occur at various levels (Table 1): the cellular 

level (properties of individual neurons and glia, such as gene and protein expression), the 

network level (interactions between assemblies of neurons to generate patterns of activity) 

and the system level (cognition, seizure risk and associated sleep disorders). In this Review, 

we address the interplay between epilepsy and sleep at each of these levels, taking into 

account insights from basic scientific findings and clinical evidence. 

Considering the relationships between sleep and epilepsy is complicated by the fact 

that epilepsy is not a single disease with a unique pathophysiological pathway, but 

encompasses various conditions that are all characterized by seizures but are 

heterogeneous in their clinical profiles and underlying causes. In addition, studies of people 

with epilepsy usually involve people who are using various antiseizure medications that 

independently affect sleep2,7. Nevertheless, certain observations hold true across different 

types of epilepsy, and even across species, such as periodic variations in the risk of seizures 

throughout the day and associations of sleep deprivation and quality with the risk of 

seizures8–13. To simplify discussion, we therefore use epilepsy as a broad term that 

encompasses a variety of related conditions. Similarly, we focus on the interaction between 

sleep and epilepsy in adults because most studies have been done in human adults and 

young adult animals. Though we have included findings from children where relevant, 

findings in adults might not directly extrapolate to children, as the spectrum of aetiologies for 

epilepsy differs between adults and children14 and patterns of sleep activity also differ15. 

In this context, we highlight the challenges in research on epilepsy and sleep (BOX 1) 

and propose strategies to address these challenges. We conclude by discussing the 

implications of this complex dyad for the management of epilepsy. 

 

[H1] Epilepsy–sleep interactions at the cellular level 

 
[H2] Molecular machinery 

In most people with epilepsy, seizures do not occur randomly but have circadian (24 h) and 

multidien (> 1 day) rhythmicity, and this periodicity varies between individuals9,11,16,17. The 

mechanisms that underlie such rhythmicity remain poorly understood (reviewed in detail 

elsewhere5). However, one possible explanation for the circadian rhythmicity is that the 

molecular architecture of neuronal networks and, consequently, network excitability change 

during the night and day cycle18. This hypothesis is supported by findings from studies of 

protein expression and modification across the circadian cycle. In wild-type mice, expression 

of >70% of synaptic transcripts and proteins oscillate during the night and day cycle19, and 

phosphorylation of proteins — which is a crucial mechanism of synaptic protein regulation — 

is modulated by the sleep–wake cycle20,21. These oscillations in expression of transcripts and 

proteins, and in oxidative phosphorylation, which is pivotal in energy metabolism regulation22, 

are all altered in experimental epilepsy (FIG. 1)23–26. 
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Studies in animals and human tissue suggest that the circadian machinery itself is 

altered in epilepsy. Oscillations in expression of the core circadian genes CLOCK and PER2 

were altered in epileptogenic tissue from people with focal cortical dysplasia or tuberous 

sclerosis complex and in animal models (FIG. 1)23,27,28. In line with these findings, decreasing 

the expression of CLOCK or BMAL1 (another core circadian gene) in mice promotes the 

generation of seizures24,25,27. These observations suggest that such alterations to the 

molecular mechanisms that regulate the circadian rhythm are likely to contribute to the 

circadian rhythmicity of seizures in epilepsy. Furthermore, oscillations in the expression of 

transcripts and proteins are brain region-dependent23, suggesting that localized alterations 

could govern the heterogeneous circadian rhythmicity of seizures depending on the location 

of the epileptogenic zone16 and could at least partially explain the diversity of epilepsy 

phenotypes. 

Similarly, circadian changes in oxidative phosphorylation have been described in the 

hippocampus of mice with TLE23. In particular, whereas the ventral and dorsal hippocampi 

have different metabolic trajectories across the day in mice with epilepsy, the ventral 

hippocampus of mice with epilepsy has a similar metabolic pattern to that of the dorsal 

hippocampus22. In another study,  the ratio of phosphorylated BMAL1 and non-

phosphorylated BMAL1 at the synapse changed across the day, and phosphorylated BMAL1 

increased synaptic transmission efficiency29. Whether this ratio is altered in animals with 

epilepsy and any alteration contributes to seizures remains to be tested. 

Involvement of the mammalian target of rapamycin (mTOR) pathway in epilepsy30,31 

also provides evidence for a link molecular regulation of the circadian rhythm. mTOR is a 

protein kinase involved in intracellular signalling, and mutations in specific genes of this 

signalling cascade have been associated with some types of epilepsies, including tuberous 

sclerosis, cortical dysplasia32 and temporal lobe epilepsy33. Forms of epilepsy that are 

associated with mutations in the mTOR pathway involve seizures that mostly occur during 

sleep34,35, and this circadian periodicity is likely to be linked to the fact that mTOR has been 

strongly associated with circadian regulators — mTOR is involved in the circadian control of 

the supra-chiasmatic nucleus, a region of the hypothalamus that governs biological 

rhythms36,37. 

These findings raise critical questions that could be addressed in animal models of 

epilepsy. Such questions include whether there is a particular time window of vulnerability 

during fluctuations in transcript and protein expression in which the epileptic threshold is 

lowered, whether specific genetic or environmental factors exacerbate these fluctuations 

and, therefore, the risk of seizures, and whether any genes that are regulated in a circadian 

manner are directly involved in epileptogenesis or ictogenesis. 

 

[H2] The glymphatic system 

The glymphatic system is a perivascular pathway along which material is exchanged 

between the cerebrovascular fluid and interstitial fluid38. This system is widely thought to be a 

key contributor to waste clearance, particularly during sleep38–40, though this view has been 

challenged by evidence that brain clearance decreases during sleep41. Regardless of the 

exact dynamics, clearance via the glymphatic system seems to fluctuate through the sleep–

wake cycle, and this observation, combined with the fact that epileptic activity also fluctuates 

through the sleep–wake cycle16,17 has fuelled interest in the contribution of the glymphatic 

system to epilepsy. 

Involvement of the glymphatic system in epilepsy has been investigated in the kainate 

mouse model of hippocampal epilepsy. In this model, pro-epileptic kainate is locally injected 

into one hippocampus, leading to prolonged seizure activity (status epilepticus), a 

subsequent seizure-free latent period, followed by emergence of spontaneous seizures42–44. 

In this model, pharmacological enhancement of glymphatic flow shortly after kainate injection 
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delayed the onset of status epilepticus45, and similar enhancement during the chronic stage 

of the disease suppressed seizures over the following 6 hours45. These observations suggest 

that increasing glymphatic function could have a protective role in epilepsy. 

Evidence in relation to the role of the glymphatic system in epilepsy in humans is 

scarce. One report suggested that the function of the glymphatic system is improved after 

successful epilepsy surgery46, though further testing, including a comparison with people with 

poor outcomes of surgery, would be needed to support a firm conclusion. Similarly, 

decreased glymphatic flow has been identified in a cohort of teenagers and adults with 

generalized epilepsy47 and in people with temporal lobe epilepsy48, but further studies are 

needed to establish a causal relationship. 

In combination, these studies raise the possibility that the function of the glymphatic 

system can modulate the risk of seizures. In particular, the available evidence seems to 

indicate that a decrease in glymphatic clearance is associated with increased seizure 

probability. The relationship of glymphatic function to sleep could, therefore, mean that 

glymphatic function mediates or modulates at least some of the interactions between 

epilepsy and sleep. 

 

 

[H1] Epilepsy–sleep interactions at the network level 
 

[H2] Focal epilepsy and focal sleep activity 

Sleep, and in particular electrophysiological hallmarks such as sleep spindles (see below), 

were traditionally viewed as diffuse processes in the brain, but we now know that sleep is 

more nuanced, as it is under subcortical and cortical regulation. Furthermore, involvement of 

the cortex is localized and depends upon previous regional wake activity49–51. This 

understanding has led to the concept of local sleep52–54, in which sleep state and local 

network activity can vary from region to region. Consequently, sleep initiation and 

maintenance, sleep transitions and morning awakening can all be asynchronously instigated 

across different cortical brain regions55–57. For instance, intracranial EEG recording shows 

that specific brain regions transition between sleep stages up to 2 minutes before that 

transition is observed globally (for example, but with scalp EEG)55. Specifically, transitions 

initially occur in the lateral occipital cortex, and late transitions occur in the inferior frontal and 

orbital frontal gyri55. 

In alignment with these localized patterns of cortical involvement in sleep 

generation55, focal epilepsies, which emerge from cortical areas, are associated with 

alterations in local sleep control. A striking illustration of this phenomenon comes from a 

study in a mouse model of temporal lobe seizures58, in which limbic seizures had localized 

effects on cholinergic neurons of the basal forebrain, which stopped firing during seizures 58. 

Given that these cholinergic neurons promote wakefulness59, their decreased activity could 

contribute to the decreased levels of consciousness seen during temporal lobe seizures58 

and to the reduction in responsiveness to auditory stimulation in experimental epilepsy60. 

Hence, focal epilepsy can affect delimited brain regions, , which led to a pervasive sleep-like 

state in this study58. Similarly, sawtooth waves, which are a hallmark of REM sleep, are 

reduced in focal epilepsy61. This observation also suggests that epilepsy can be associated 

with alterations in cortically generated sleep oscillations even in REM sleep, when epileptic 

activity is typically low. 

 

[H2] Epilepsy and sleep spindles 

Sleep spindles are sleep-related rhythms detected with electroencephalography (EEG) that 

are characterized by oscillations of 10–16 Hz and last 1-2 seconds (minimum 0.5 seconds)62. 

They are a defining characteristic of NREM sleep stage 263 and are involved in memory 
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consolidation during sleep64. With use of scalp EEG, sleep spindles are usually detected in 

fronto-central regions62, but intracranial recordings have shown that they can also be 

generated in other brain regions and are not always simultaneous across areas65. 

Observational studies in animal models of generalized epilepsy have suggested that 

spike-wave discharges (SWDs), which are to generalized epilepsies what interictal 

epileptiform discharges (IEDs) are to focal epilepsies, are a pathological evolution of sleep 

spindles66,67 on the basis that they have a similar electrophysiological appearance and that 

both can be elicited by thalamic stimulation66. Studies of people with focal epilepsy have also 

shown that sleep spindles tend to disappear where IEDs are generated68–71, in line with the 

hypothesis that IEDs are a pathological transformation of spindles. However, an alternative 

explanation could be that a third factor simultaneously induces IEDs and prevents spindle 

generation. For example, in an animal model of traumatic brain injury, neuroinflammatory 

mechanisms and expression of the complement factor C1q contribute to the emergence of 

IEDs and decrease sleep spindles72.  

Indeed, other evidence contradicts the general concept that IEDs are a pathological 

equivalent of spindles. For example, analysis of IEDs and sleep spindles in a rat model of 

generalized epilepsy showed that their duration and amplitude partially overlapped at 

3 months but were distinct at 6 months. Similarly, SWDs occur during wakefulness and sleep, 

whereas sleep spindles occur only during sleep73, suggesting that they are not two faces of 

the same coin. In combination, the currently available evidence indicates that the hypothesis 

that IEDs are generated by the neural circuits responsible for sleep spindle generation is an 

oversimplification73–75, and alternative explanations should be explored to disentangle the 

networks that underlie sleep spindles, SWDs and IEDs. 

In contrast to the suggested antagonism between IEDs and sleep spindles, emerging 

evidence suggests that these phenomena could in fact be mechanistically coupled (FIG. 2). 

In a study in rats, hippocampal IEDs were temporally associated with generation of a 

subsequent sleep spindle in the mesial prefrontal cortex (mPFC; FIG. 2)76. The proposed 

mechanism is that IEDs induce a period of neuronal silence — a so-called DOWN-state — in 

the mPFC, which is followed by rebound activity of neurons that could underlie the 

generation of the associated sleep spindle76. Such DOWN-states have also been identified 

during K-complexes77, which are also typically associated with sleep spindles.  

Though difficult to ascertain whether the sleep spindles coupled to IEDs were 

pathological or physiological, a higher rate of IED-coupled spindles (as well as a higher rate 

of IEDs alone) correlated with worse performance in a spatial memory task76. Such coupling 

also seems to exist in humans78, and in a study in children, the stronger coupling was also 

associated with a lower intellectual quotient79. Therefore, the available evidence suggests 

that IED-triggered sleep spindles do not support normal brain function, or at least are 

functionally different from physiological sleep spindles. In line with this conclusion, the 

morphological features of sleep spindles that co-occur with IEDs tend to differ from those of 

physiological sleep spindles. For example, scalp-recorded sleep spindles that occur in 

association with a hippocampal-recorded IEDs have amplitudes that are, on average,  ~9% 

higher than those that occur in isolation80. Notably, a long pause in thalamic sleep spindle 

generation has been described after IEDs in the thalamus81, suggesting that the coupling 

between IEDs and sleep spindles could be region-specific. 

How to reconcile the observations that sleep spindles are decreased where IEDs are 

generated68–70 and that they are temporally associated with IEDs remains unclear 76,78. Part 

of the answer could be that IED-associated sleep spindles are generally expressed at a 

distance from where IEDs are generated78. Indeed78, analysis has shown that IED-coupled 

spindles are expressed an average of ~6 cm from the seizure-onset zone where IEDs are 

generated. Therefore, IEDs might disrupt spindle generation locally yet promote their 

expression at distance. 
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[H2] Epilepsy and low-frequency activity 

Low-frequency activity in the brain during sleep includes slow oscillation, slow waves, slow 

wave activity and pathological focal slowing. In the literature, these terms are occasionally 

used interchangeably, but they are distinct82. Despite the similar electrophysiological 

appearances of slow oscillation, slow waves, slow wave activity and pathological focal 

slowing, the extent to which they share underlying biological mechanisms remains unclear. 

A slow wave is an individual EEG event characterized by a high-amplitude fluctuation 

of ongoing brain activity that occurs preferentially during sleep. Hence, unlike continuous 

oscillations, slow waves are individual, discrete entities. To identify slow waves, 

electrophysiological signals are filtered within the low-frequency band, the definition of which 

varies across the literature but, in general, extends from 0.1 Hz to a higher range of 2–

4.5 Hz70,83,84. They occur during sleep and are thought to contribute to the restorative function 

of sleep85–88. Slow waves during wakefulness were first described in sleep-deprived rats54 

before being detected in humans in specific conditions — under sleep pressure89, upon 

stimulation of injured brain regions90, or upon thermocoagulation of brain parenchyma91. In 

work published in 2023, intracranial recordings detected spontaneous slow waves that are 

typical of sleep  during wakefulness in people with epilepsy83; whether these findings 

represent a physiological or pathological activity during wakefulness remains to be clarified.  

Slow wave activity, which is typical during sleep, is defined as a succession of slow 

waves with an amplitude >75 µV63. Frequencies <1 Hz are generally referred to as slow 

oscillations82. In pathological focal slowing, this frequency can extend from the delta range 

(0.5–4 Hz) to the theta range (4.1–7 Hz) range; such slowing is a non-specific finding often 

observed in people with epilepsy near to or in the seizure onset zone. Whether pathological 

slowing shares functions of physiological slowing remains to be determined. Furthermore, 

though these differences in frequencies do not seem large, the order of magnitude between 

them is at least as large as that between alpha (~10 Hz) and gamma (~40 Hz) frequency 

bands, which are associated with different functions. Therefore, further work is necessary to 

understand whether and which different functions are associated with the different frequency 

bands92. 

 

[H3] Slow waves and sleep homeostasis 

 

Sleep homeostasis is the concept that the waking state, NREM sleep and REM sleep are 

interrelated such that more synaptic usage in waking is followed by deeper sleep the 

following night that is characterized by more slow waves in the earlier sleep cycles and fewer 

in later sleep cycles. Slow wave activity is considered to be restorative of synaptic function86. 

The slope and amplitude of slow waves are both high when homeostatic sleep pressure (the 

need for sleep) is high, and so have been proposed as markers of homeostatic sleep 

pressure and synaptic strength20,86. Both progressively decrease during sleep and 

progressively increase during wakefulness (FIG. 3)93,94. In parallel, network excitability 

progressively decreases during sleep and progressively increases during wakefulness95–97. 

Epileptic activity is associated with local increases in slow wave activity during sleep 

(at least partially independent from pathological focal slowing)68,98, reminiscent of increases 

observed during sleep after a cognitive task in wakefulness49, suggesting that IEDs and 

seizures are associated with changes in homeostatic sleep pressure. In a study that included 

296 children with epilepsy, a higher incidence rate of IEDs correlated with a progressive 

increase in the slope of slow waves during sleep99 rather than the expected decrease (FIG. 

3a), suggesting that IEDs perturb the homeostatic regulation of slow waves. Interestingly, 

remission of electrical status epilepticus during sleep, which is characterized by continuous 

epileptiform discharges during sleep, upon pharmacological treatment is associated with 
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normalization of the decrease in slow wave slope during sleep100. Hence, not only does 

epileptic activity disrupt the homeostatic property of slow waves, but treatment can normalize 

it. 

 

[H3] Potential for slow waves to facilitate epileptic activity 

During slow wave activity, the neuronal membrane potential oscillates between a depolarized 

UP-state, which is associated with synchronized neuronal firing, and a hyperpolarized 

DOWN-state, which is associated with neuronal silence (except for a recently discovered 

subclass of interneurons101)54,65,97,102,103. The resulting synchronization, or burst firing, of 

neurons during sleep, and in particular during NREM sleep stage 3104, together with 

increased excitability during sleep105, could contribute to epileptiform discharges and 

seizures. Accordingly, IEDs, high-frequency oscillations, propagation of high-frequency 

oscillations, seizures and epileptic spasms correlate with the occurrence of slow waves and 

increased low-frequency activity (FIG. 4a)106–113. 

Although these results are mostly correlative, one study has shed light on a potential 

mechanism by which slow waves could promote epileptic activity114. This study indicated that 

high homeostatic sleep pressure, such as after a period of sleep deprivation, leads to an 

increase in intracellular chloride concentration, which causes the equilibrium potential of 

GABA (EGABA) to shift from hyperpolarizing to depolarizing. These changes promote high-

amplitude slow wave activity, which is a marker of high homeostatic sleep pressure86. These 

findings suggest that the shift of EGABA promoted by sleep deprivation together with the 

associated facilitation of neuronal firing could, in turn, facilitate seizure genesis. This 

conclusion is in line with previous results that have linked sleep deprivation to seizures and 

decreased GABAergic inhibition115, and the mechanism could explain why the risk of 

seizures increases after sleep deprivation in some epilepsy syndromes116. The finding also 

resonates with previous observations in humans that high-amplitude slow waves — which 

reflect high homeostatic sleep pressure — are more likely to be associated with epileptiform 

abnormalities than are low-amplitude slow waves109,117. Chloride regulation could be a 

common driver that triggers both high-amplitude slow waves and epileptiform abnormalities. 

The possibility of a complementary mechanism that links low-frequency activity (0.5-

4 Hz) with IEDs has also arisen from a study in which intracranial recordings from people 

with focal epilepsy showed that power in the high-gamma frequencies (which is a proxy of 

neuronal activity118) is coupled with oscillations in the delta frequency in the build-up to IEDs 

(FIG. 4b)106. This observation suggests that delta oscillations contribute to expression of IEDs 

by orchestrating bursts of high- gamma activity However, a causal relationship remains to be 

established.  

 

[H3] Potential for slow waves to prevent epileptic activity 

Contrary to the proposal that slow waves facilitate epileptic activity, some findings suggest 

that they could reduce epileptic activity. If slow waves or slow wave activity were promoting 

seizures and/or IEDs, then we would expect the rate of seizures and IEDs to be highest 

when this activity is most prominent, during NREM stage 3 sleep. However, though focal 

seizures, particularly those of frontal origin16, do occur more frequently during sleep 119, they 

are most likely during NREM sleep stages 1 and 2119. Focal IEDs do seem to be more likely 

during NREM sleep stage 3119, but this likelihood can vary between brain regions120. 

Furthermore, one study of ten people with focal cortical dysplasia type 2 has indicated an 

inverse correlation between the incidence rate of IEDs and delta power (the frequency of 

which overlaps with that of slow wave activity and slow waves) during NREM sleep stage 

3121, the reverse of what would be expected if slow wave activity or slow waves promote 

epileptic activity. 
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The lack of a clear association between slow wave activity or slow waves and 

epileptic activity weakens the hypothesis that they promote epileptic discharges and 

seizures, and one study has even indicated a protective effect of slow waves that occur 

during wakefulness. Intracranial recordings from people with focal epilepsy showed that the 

length of the delay between slow waves and the subsequent IED in wakefulness correlates 

with the extent of excitability during this subsequent IED (FIG. 4c) — a long delay was 

associated with higher excitability83. One interpretation of this finding is that slow waves have 

a protective function that dissipates with time. Hence, the restorative function of slow 

waves85–88,122 might not be restricted to sleep but could also operate during wakefulness 

where, in this context, it protects against epileptic activity. A beneficial effect of slow waves is 

further suggested by evidence that low-frequency intracranial electrical stimulation decreases 

cortical excitability in people with epilepsy123.  

 

[H3] Timescale could determine the effects of slow waves on epilepsy 

One explanation for the apparently contradictory evidence around the pro-epileptic and anti-

epileptic effects of slow waves and slow wave activity is that the impact of this activity 

depends on the timescale (FIG. 4d). Over the short timescale of transitions from the UP-state 

to the DOWN-state, the strong synchronization of neurons favours IEDs (FIG. 4d1)106,107,117. 

However at the longer timescale, this synchronization decreases network excitability86,88, 

eventually offsetting excitability during IEDs83 and potentially preventing seizures. Indeed, 

burst firing of neurons, which occurs during slow waves, promotes a form of decreased 

network excitability called long-term depression88,124. We, and others86, propose that 

continuous bursting of neurons promoted by slow wave activity during sleep decreases 

network excitability by lowering the efficacy of synaptic transmission86–88, eventually leading 

to a less excitable network (FIG. 4d2-3). This hypothesis is supported by the observation that 

longer sleep duration is associated with a lower risk of seizures8, as a longer duration of 

sleep is expected to provide extended periods of slow wave activity. 

Another explanation for conflicting evidence on the effects of low-frequency activity on 

epileptic activity could be that slow waves in sleep and wakefulness reflect different 

neurobiological processes despite their morphological similarities. In this case, what we 

interpret as pro-epileptic and anti-epileptic waves could simply be two distinct entities. 

Furthermore, slow waves could have different actions in different epilepsy types, vigilance 

states and/or individuals. 

 

 

[H2] Sleep architecture 

The composition of sleep at the level of sleep spindles, slow waves, K-complexes and other 

sleep-related entities constitutes its microarchitecture (FIG. 5a, left and Glossary). The 

sequential distribution of the different sleep stages (NREM sleep stages 1–3 and REM), their 

respective durations and the duration of wake after sleep onset make up the 

macroarchitecture of sleep125. Whereas much evidence indicates interactions of epilepsy with 

sleep spindles and slow waves42,68–71,117,126–128(FIG. 5a-b), little evidence indicates changes in 

sleep macroarchitecture in people with epilepsy. For instance, in a meta-analysis of 827 

articles on sleep macroarchitecture in people with epilepsy129, only one difference was noted 

— that wake after sleep onset (the time spent awake through the night after initial sleep 

onset) was longer in people with drug-resistant temporal lobe epilepsy than in those with 

frontal lobe epilepsy or in people without epilepsy (FIG. 5c)129,130. This increase in wake after 

sleep onset could explain another macroarchitectural abnormality that is occasionally seen in 

people with epilepsy, which is an increased duration of NREM sleep stage 1131, as this period 

of light sleep typically follows periods of awakening. One other difference observed in a 

subsequent study was that people with drug-resistant epilepsy had a lower duration of REM 
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sleep132,133. A separate study showed that duration of REM sleep was reduced when a 

seizure emerged in the first 4 h of sleep134, suggesting that decreased REM sleep duration is 

influenced by the recent occurrence of seizures134. Other studies have shown either non-

systematic changes131 or no changes in sleep macroarchitecture in epilepsy135. Similarly, in a 

study of children with epilepsy, IEDs were associated with lower rates of sleep spindles but 

sleep macroarchitecture remained unaltered136. REM sleep duration was reduced in children 

with drug-resistant epilepsy, but this was at least partly explained by concomitant use of 

benzodiazepines136.  

The fact that epilepsy is associated with marked alterations in the microarchitecture of 

sleep without greatly affecting the macroarchitecture (FIG. 5) could perhaps reflect the fact 

that epilepsy originates from cortical generators, and therefore affects cortically-generated 

sleep activity. The macroarchitecture of sleep relies on brainstem–cortical interactions — for 

example, profound changes in neural activity and neurotransmitters that are triggered by 

brainstem–cortical interactions underlie the different sleep stages59,137,138. As a result, this 

macroarchitecture would be more resistant to epileptic activity. Though abnormalities in sleep 

macroarchitecture have been found, the evidence for effects on microarchitecture is 

considerably more consistent and compelling.  

 

 

[H1] Epilepsy–sleep interactions at the system level 
 

[H2] Epileptic activity in sleep and wakefulness 
Periodic and circadian variation in seizure incidence has been recognized for several 

decades16,17,119,139. Originally, this knowledge was based on patient reports that lacked 

accuracy140, but the introduction of long-term EEG monitoring has enabled objective 

measurement of activity and has provided objective evidence for periodicity in the incidence 

of IEDs and seizures5,9,11. For example, intracranial recordings over a period of ≥3 months in 

one study showed that the risk of seizures varies over 24 hours in ≥80% of participants141. 

Such evidence has made clear that the incidence of seizures during sleep differs from that 

during wakefulness — overall, focal seizures are more likely to occur during sleep119, 

although certain types of seizures and seizures that have specific onset zones are more 

likely during wakefulness16. Importantly, however, these population-based observations do 

not universally hold, as illustrated by the inter-individual variability of seizure onset timing 

across a 24-h period142, and the circadian modulation of seizure risk, and modulation of risk 

during sleep and wake states9,143. 

One proposed mechanism for the overall increase in the risk of seizures during sleep 

is an increase in neuronal synchrony that is typically present during NREM sleep104,144; this 

synchrony could promote bursting activity and, consequently, epileptic discharges and 

seizures. Specific parameters of sleep also seem to modulate the risk. For example, a short 

sleep duration and variability in the time of sleep onset and waking have both been 

associated with an increased risk of seizures8,145. 

The overall risk of seizures is greater during sleep than wakefulness and, during sleep, 

epileptic activity is more likely in some stages than others. Such activity is more prominent 

during NREM sleep than during REM sleep119, and generalization of seizures occurs more 

frequently in NREM sleep than in wakefulness146. Focal seizures are more likely during light 

sleep (NREM sleep stage 1), whereas IEDs are more likely during deep sleep (NREM sleep 

stage 3)119. As for slow wave activity, seizures, IEDs and high-frequency oscillations occur at 

higher rates in the first half of the night than in the second half of the night, thereby following 

homeostatic changes of slow wave activity (such as its amplitude)147,148. 

More fine-grained analysis has shown that sleep affects rates of epileptic activity 

differently in different anatomical locations. For example, the mesiotemporal region has a 
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greater propensity than other regions for IED production and propagation during NREM 

sleep, even when this region is not part of the seizure onset zone149. Conversely, IEDs are 

suppressed during REM sleep relative to wakefulness in neocortical but not mesiotemporal 

regions147, possibly owing to major cholinergic innervations to neocortical regions that 

mediate neuronal desynchronization, resulting in suppression of epileptic activity in the 

neocortex. Despite the changes in rates and localization of IEDs across the circadian rhythm, 

their morphology does not change120. 

Despite these differences in epileptic activity in different sleep states and in different 

locations, once activity exceeds the seizure threshold, a seizure propagates through the 

underlying epileptic network irrespective of the state of vigilance. This phenomenon was 

shown in a study of 25 people with drug-resistant epilepsy, in which intracranial EEG 

recordings revealed that the contacts involved in the seizure onset zone, the propagation 

paths, the propagation speed, the maximum channel involvement and the seizure duration 

did not differ between vigilance states150.  

In combination, the observations above show that sleep and its properties, such as 

duration and sleep stages, are associated with varying incidence of seizures and IEDs in 

various brain regions. Identification of the underlying mechanisms could shed light onto the 

general mechanisms of ictogenesis, providing useful insight for developing therapeutic 

approaches. 

 

[H2] REM sleep and epileptic activity 

Epileptiform activity rarely occurs during REM sleep119, and the occurrence of IEDs during 

REM sleep has been associated with a more unfavourable course of the disease151. REM 

sleep can be subdivided into phasic REM sleep, which is characterized by REM and 

muscular twitches, and tonic REM sleep, which is characterized by muscle atonia. Rates of 

IEDs are lowest during phasic REM sleep, when neural desynchronization is highest144,152,153, 

supporting the idea that desynchronization prevents IEDs. In the feline penicillin epilepsy 

model, systemic administration of the anticholinergic drug atropine abolished REM-specific 

desynchronization and reversed the suppression of interictal activity during REM sleep, 

suggesting that acetylcholine is a major driver of desynchronization and suppression of 

epileptic activity during this phase of sleep154. Notably, overall time in REM sleep and the 

ratio of phasic REM sleep to tonic REM sleep are reduced in people with drug-resistant 

epilepsy relative to that in people with well-controlled epilepsy or who do not have 

epilepsy132,133. 

In contrast to the low rate of seizures and IEDs during REM sleep in humans, 

seizures tend to emerge from REM in the intrahippocampal rat tetanus toxin model of 

temporal lobe epilepsy155, providing an opportunity to gain insight into the mechanisms of 

ictogenesis and epileptogenesis. In the rats, the ratio of activity in the theta range (4–12 Hz) 

to activity in the delta range (0.5–4 Hz) increased before seizures155, reminiscent of changes 

that anticipate IEDs in humans106,107. This finding suggests that the increase in ratio is what 

leads to seizures rather than the REM state itself. Furthermore, in humans, theta activity 

during REM sleep differs from that in rodents, occurring in bursts rather than continuous 

oscillations156. This additional difference between human and rodent REM sleep in the 

pattern of theta activity could also contribute to the different seizure risk, although 

experimental evidence is needed to support this hypothesis. Another mechanism that could 

underlie the pro-epileptic nature of rodent REM sleep could be related to changes in the 

metabolic properties of astrocytes157. Induction of seizures with electrical stimulation — a 

procedure called kindling — leads to acidification of astrocytes during REM sleep, and these 

metabolic changes are known to trigger release of excitatory neurotransmitters from 

astrocytes158 that could favour seizures during REM sleep157. However, whether this 

mechanism occurs in humans is not known. 
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Though these findings in animals are contrary to most findings in humans, they could 

indicate that rodent models mimic conditions or pro-epileptic mechanisms that are relevant to 

people with specific forms of epilepsy. Though REM-specific epilepsy is rare159,160, seizures in 

neonates with epilepsy tend to occur mainly during REM sleep161,162. Further research is 

needed, but understanding why REM sleep is rarely associated with epileptic seizures in 

humans but frequently is in experimental models155,163 could offer important insights into 

novel approaches for controlling seizures. 

 

[H2] Cognitive effects 

Cognitive difficulties in epilepsy are multifactorial, and disturbances in sleep — particularly 

sleep efficiency (the proportion of sleep during the period spent in bed) — can play a part164 to 

a similar degree as in people without epilepsy165. Inferring a causative link between epilepsy-

related sleep disturbances and cognitive changes is challenging, but some studies have 

started to provide some mechanistic insight. 

Memory impairment is one of the main cognitive complaints among people with 

epilepsy, particularly temporal lobe epilepsy166. Accumulating evidence suggests that 

interictal epileptiform activity correlates negatively with cognitive performance during 

wakefulness167, but until recently, the evidence that IEDs during sleep are associated with 

memory impairment has been weak168. However, several studies in children and adults with 

epilepsy have provided evidence for a direct link between IEDs, alterations in sleep 

physiological oscillations and cognitive dysfunction71,79,135,169,170. In a prospective study of 42 

people aged >50 years, a higher spike rate, reduced slow wave activity power, and a higher 

burden of antiseizure medications were all associated with worse 24 h memory retention169. 

Another study showed that the rate of left hippocampal IEDs during NREM sleep correlated 

negatively with memory performance, whereas a higher rate of sleep spindles in the left 

hemisphere than the right hemisphere correlated positively with better verbal memory than 

non-verbal memory171, in line with the role of the left and right hemispheres in verbal and 

non-verbal memory, respectively172. Given that sleep spindle rates are decreased in the 

epileptic hemisphere68,69, these findings suggest that IEDs and the effects of epilepsy on 

sleep spindles could contribute to memory impairment169,170,173. 

Similar associations were also demonstrated in a study of children with epileptic 

encephalopathy with spike-wave activation in sleep, a syndrome caused by various 

aetiologies and characterized by a high incidence of IEDs during sleep174. In this study, the 

rate of sleep spindles was inversely correlated with the rate of IEDs, and an increase in sleep 

spindle rate upon treatment with antiseizure medication was associated with cognitive 

improvement174. Whether specific cognitive domains improved more than others remains to 

be elucidated, but this study emphasizes the relationship between IEDs, sleep spindles and 

cognitive function in people with epilepsy. 

The effects of epilepsy on a short brain oscillation, called a ripple, with a key role in 

memory consolidation has also been investigated. The incidence of ripples decreases after 

IEDs175, and a lower ripple rate while awake was associated with poorer performance in a 

memory task175. This observation indicates that the association between IEDs and lower 

ripple rate could lead to memory impairment. 

Some evidence also indicates that the effects of epilepsy on slow wave sleep (the 

period of sleep characterized by slow wave activity) can affect cognitive function. In a study 

of 19 people with temporal lobe epilepsy and 17 healthy controls, the overnight duration of 

slow wave sleep in people with epilepsy correlated positively with the proportion of items that 

were forgotten in an overnight object–scene associative memory task, and this effect was 

independent of the number of IEDs176. Although the same impact of slow wave sleep on 

memory was not formally tested in healthy controls176, this finding contrasts sharply with 

previous findings of a positive correlation between the proportion of slow wave sleep and 
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learning169,177, and the fact that slow wave sleep is typically associated with memory 

consolidation rather than forgetting178. However, a similar effect was seen in a population of 

people with transient epileptic amnesia, a condition in which seizures are associated with 

transient amnesia. In this study, a long duration of slow wave sleep was associated with 

lower retention rate of word pairs after 12 h, whereas no correlation was observed among 

healthy controls179. One possible mechanism for these effects could be aberrant or excessive 

synaptic downscaling in people with epilepsy, leading to suppression of synapses that are 

required for memory176. A more complex explanation could be that the effect is mediated by 

pathological coupling between IEDs and sleep spindles that contribute to memory 

impairments, as discussed above76,78,79. 

Evidence for a role of seizures during sleep in memory impairments remains scarce. A 

negative effect on verbal memory has been reported in a few individuals180,181, though other 

work has identified no effect on learning177. Although seizure forecasting is a highly active 

field of research5,9,11,141,142,182, precise prediction of seizures remains challenging, making it 

difficult to schedule memory tasks so that memory encoding is done before a seizure. This 

methodological challenge could explain the lack of convincing evidence. Hence, further work 

is necessary to clarify the roles of seizure, as well as their type, localization and duration in 

their effects on memory. 

 

 

[H1] Implications for management of epilepsy 
The factors and evidence discussed above show that a strong relationship exists between 

epilepsy and sleep. This relationship is not only informative with respect to the 

pathophysiology of epilepsy, but studying the interactions could also provide helpful 

diagnostic or prognostic tools in epilepsy. We consider the implications for management of 

epilepsy below. The clinical implications of cycles in epilepsy, for example periodic and 

sleep–wake changes in network connectivity182,183, have been reviewed elsewhere5,142.  

 
[H2] Sleep–wake recording 

EEG is central to epilepsy diagnosis. Given that the probability of detecting IEDs varies 

across time, and the sleep–wake cycle in particular9,119,184–186, a minimum duration of 

interictal EEG is necessary to obtain a reliable sample of the spatial distribution of IEDs, 

known as the IED topography. Evidence has shown that a duration of 30 min is necessary to 

obtain reliable sampling of IED topography, and that reliability did not differ between wake 

and sleep data187.  

For a long time, the topographical accuracy of EEG for localization of the 

epileptogenic zone was thought to vary across time and states of vigilance188,189. In this 

context, evidence had indicated that interictal epileptic biomarkers (IEDs and high-frequency 

oscillations) in REM sleep were most useful for localization and that their topography fits best 

with the clinical semiology189. Though use of electrical source imaging (see Glossary) has 

suggested IEDs that occur during REM sleep can arise from brain regions where IEDs are 

not detected during other states of vigilance190 or from more restricted areas191, whether 

these unique sources relate to true epileptogenic areas that should be targeted for surgery 

remains to be assessed. In fact, a subsequent study identified no effect of vigilance state on 

the accuracy of electrical source imaging186, and other work has indicated that REM sleep 

does not provide new or clinically relevant localization information when compared with 

NREM sleep and wakefulness147. Indeed, one study even indicated that NREM sleep is the 

state of vigilance that provides the best localization of the epileptogenic zone192 despite the 

fact that epileptic activity is more focally confined during REM sleep147,190. 

In fact, not all types of epileptic activity behave similarly across the sleep–wake cycle. 

IEDs and high-frequency oscillations seem to most accurately localize the seizure-onset 
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zone and the epileptogenic zone during NREM sleep185,192,193, whereas the ratio of very-high-

frequency oscillations (up to 2000 Hz) in resected and non-resected areas in people with 

good surgical outcomes did not differ in accuracy between sleep and wakefulness194. IEDs 

that were preceded by gamma surges had better predictive value of outcome when 

measured during wakefulness than during sleep195.  

The topographical reliability of seizures and IEDs between wake and sleep has also 

been investigated150. In this study, the percentage of electrodes that were recruited within the 

first 500 ms of seizures did not differ between wakefulness and sleep. By contrast, the 

number of channels that recorded an IED within 120 ms of the index IED, which indicates the 

speed of IED propagation, was higher during sleep than wakefulness150. These findings 

suggest that IEDs are less topographically accurate than seizures during sleep, despite their 

frequency being higher during sleep than wakefulness. 

Altogether, the long-held belief that REM sleep provides the most accurate 

identification of the epileptogenic zone is currently not supported by robust evidence. The 

heterogeneity of findings precludes firm conclusions, and studies are needed to assess 

accuracy according to type of epilepsy, presumed localization, age and other features. 

 

[H2] Modulating sleep-related phenomena 

The associations between features of sleep and epileptic activity suggest that modulating 

sleep or epileptic activity has the potential to affect the other. For example, continuous 

anterior thalamic nucleus deep brain stimulation (DBS) can decrease IEDs during sleep and 

increase delta power during NREM sleep196. Though we might expect the beneficial effect of 

DBS to rely on the stimulation itself, an alternative mechanism could be through an increase 

in slow waves, suggested by the increased delta power. This study illustrates the possibility 

that manipulating a phenomenon that seems to protect against epileptiform discharges could 

help to suppress epilepsy. 

An alternative to DBS is acoustic stimulation, which has been used to increase slow 

wave activity during sleep to improve memory197; given its ability to increase slow waves, 

which are presumed to be protective, this approach could be repurposed to decrease 

epileptic activity. A small study in children with various epilepsy syndromes demonstrated that 

scalp EEG-recorded slow waves (0.5–2 Hz) could be increased with acoustic stimulation — 

though no therapeutic effect was seen, this simple method could be tested in larger studies 

with more precise protocols198. Indeed, the design of neurostimulation protocols will benefit 

from a deeper understanding of the interactions between sleep-related phenomena and 

epileptic activity, and sleep-inspired brain therapy could be valuable. 

The importance of considering circadian features when calibrating neuroresponsive 

therapies is illustrated by a study of responsive neurostimulation (RNS), a type of 

intracranial, electrical stimulation used in the management of epilepsy. The aim of this study 

was to investigate how RNS is affected by circadian variability in excitation–inhibition 

balance199, which is central to the pathogenesis of epilepsy200. This study showed that the 

efficacy of RNS was greater when the excitation–inhibition balance fluctuated across the 

sleep–wake cycle than when it did not199. This observation could mean that disruption of 

changes in cortical excitability across sleep and wake indicate an inability to modify the 

excitability of that area (decreased plasticity), or could indicate a profound disruption of the 

excitation–inhibition balance, for example in more severe disease.  

 

[H2] Epilepsy and the orexin system 

Awakenings have been associated with epileptic activity201. Though it remains unclear 

whether awakenings promote epileptic activity or vice versa, stabilizing sleep by targeting the 

wake-promoting neurotransmitter orexin with an antagonist, such as lemborexant202, is worth 

exploring as a therapeutic approach. 
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Orexin is produced in the hypothalamus and is involved in promoting wakefulness, 

especially for goal-directed behaviours59. Evidence suggests that the orexin system 

modulates epileptic activity203,204. Indeed, antagonism of orexin has anti-epileptic effects in 

experimental models of epilepsy205,206, and injection of orexin has been associated with 

increased epileptic activity207,208. The role of orexin in seizures after sleep deprivation has 

been investigated in a rat model of epilepsy12. After injection of the pro-epileptic molecule 

pentylenetetrazol, sleep deprivation was associated with an increased concentration of 

orexin in the cerebrospinal fluid (CSF) and a short latency to the first seizure. Administration 

of an orexin antagonist was associated with a longer delay to the first seizure12, suggesting 

that orexin contributes to the increased risk of seizure after sleep deprivation. Evidence in 

humans is scarce and comes mainly from observational studies with inconsistent findings. 

For example, one study showed that levels of orexin were higher in people who had recently 

had a seizure than in healthy controls209. By contrast, another study showed that orexin 

levels were decreased in people who had experienced a generalized tonic–clonic seizure in 

the previous 48 h in comparison with levels in people with a neurological condition other than 

epilepsy210. Differences between the populations , the origin of orexin samples (cerebrospinal 

fluid210 or plasma209) and the timing of sampling might have contributed to this discrepancy.  

Current knowledge suggests that the mechanism of action of orexin antagonism, 

beyond sleep stabilization, involves a decrease in levels of the excitatory neurotransmitter 

glutamate and an increase in levels of the inhibitory neurotransmitter GABA205. Another 

mechanism is indicated by the impact of orexin on the macroarchitecture of sleep, as active 

inhibition of REM sleep is abolished in the absence of orexin204, leading to the emergence of 

REM sleep bouts early during sleep. Given that REM sleep is associated with a lower rate of 

seizures in humans119 owing to neural desynchronization, this effect could reduce the risk of 

epileptic activity. Hence, the antiepileptic effect of orexin antagonism could rely on the 

promotion of a desynchronized cortical state104,144,204. 

 

 

[H1] Conclusions 
Though associations between epilepsy and sleep variables have been recognized for a long 

time, studies of the mechanisms that underlie these interactions have emerged only recently. 

Studying the effects of natural changes in brain dynamics that occur during sleep holds 

promise for clarifying the mechanisms of epileptogenesis and ictogenesis and could help with 

development of therapies and therapeutic devices for the treatment of epilepsy. 

However, several questions remain to be answered, including the structural basis of 

the numerous associations between IEDs and elements of sleep microarchitecture, how the 

circadian rhythmicity of molecular circuitry affects the risk of epilepsy, what makes sleep pro-

epileptic, and why the risk of seizures varies in the same sleep stage between species and 

across brain development. We call for further research on the interactions between epilepsy 

and sleep, including development of manipulation protocols that will clarify whether 

correlative evidence equates to causative associations. We hope that by highlighting areas of 

controversy and posing questions, this Review will encourage further research in this 

increasingly active field. 

  



15 
 

References 

 
1. Kaculini, C. M., Tate-Looney, A. J. & Seifi, A. The History of Epilepsy: From Ancient Mystery to 

Modern Misconception. Cureus (2021) doi:10.7759/cureus.13953. 

2. Nobili, L. et al. Expert Opinion: Managing sleep disturbances in people with epilepsy. Epilepsy & 

Behavior 124, 108341 (2021). 

3. Huber, R. et al. Human Cortical Excitability Increases with Time Awake. Cerebral Cortex 23, 1–7 

(2013). 

4. Ly, J. Q. M. et al. Circadian regulation of human cortical excitability. Nat Commun 7, 11828 (2016). 

5. Karoly, P. J. et al. Cycles in epilepsy. Nat Rev Neurol 17, 267–284 (2021). 

6. Sánchez Fernández, I. & Loddenkemper, T. Chronotherapeutic implications of cyclic seizure 

patterns. Nat Rev Neurol 14, 696–697 (2018). 

7. Yeh, W.-C. et al. The impact of antiseizure medications on polysomnographic parameters: a 

systematic review and meta-analysis. Sleep Medicine 81, 319–326 (2021). 

8. Dell, K. L. et al. Seizure likelihood varies with day-to-day variations in sleep duration in patients 

with refractory focal epilepsy: A longitudinal electroencephalography investigation. 

EClinicalMedicine 37, 100934 (2021). 

9. Baud, M. O. et al. Multi-day rhythms modulate seizure risk in epilepsy. Nature Communications 9, 

(2018). 

10. Baud, M. O., Ghestem, A., Benoliel, J.-J., Becker, C. & Bernard, C. Endogenous multidien rhythm of 

epilepsy in rats. Experimental Neurology 315, 82–87 (2019). 

11. Karoly, P. J. et al. Interictal spikes and epileptic seizures: their relationship and underlying 

rhythmicity. Brain 139, 1066–1078 (2016). 

12. Ni, L. Y., Zhu, M. J., Song, Y., Liu, X. M. & Tang, J. Y. Pentylenetetrazol-induced seizures are 

exacerbated by sleep deprivation through orexin receptor-mediated hippocampal cell 

proliferation. Neurol Sci 35, 245–252 (2014). 



16 
 

13. Zhong, R. et al. Association of baseline sleep duration and sleep quality with seizure recurrence in 

newly treated patients with epilepsy. Epilepsia (2024) doi:10.1111/epi.18106. 

14. Beghi, E. The Epidemiology of Epilepsy. Neuroepidemiology 54, 185–191 (2020). 

15. Castelnovo, A. et al. Origin, synchronization, and propagation of sleep slow waves in children. 

NeuroImage 274, 120133 (2023). 

16. Herman, S. T., Walczak, T. S. & Bazil, C. W. Distribution of partial seizures during the sleep–wake 

cycle. Neurology 8 (2001) doi:10.1212/WNL.56.11.1453. 

17. Durazzo, T. S. et al. Temporal distributions of seizure occurrence from various epileptogenic 

regions. Neurology 70, 1265–1271 (2008). 

18. Bernard, C. Circadian/multidien Molecular Oscillations and Rhythmicity of Epilepsy (MORE). 

Epilepsia 62, (2021). 

19. Noya, S. B. et al. The forebrain synaptic transcriptome is organized by clocks but its proteome is 

driven by sleep. Science 366, eaav2642 (2019). 

20. Cirelli, C. & Tononi, G. The why and how of sleep-dependent synaptic down-selection. Seminars 

in Cell & Developmental Biology 125, 91–100 (2022). 

21. Brüning, F. et al. Sleep-wake cycles drive daily dynamics of synaptic phosphorylation. Science 366, 

eaav3617 (2019). 

22. Brancati, G. E., Rawas, C., Ghestem, A., Bernard, C. & Ivanov, A. I. Spatio-temporal heterogeneity 

in hippocampal metabolism in control and epilepsy conditions. Proc. Natl. Acad. Sci. U.S.A. 118, 

e2013972118 (2021). 

23. Debski, K. J. et al. The circadian dynamics of the hippocampal transcriptome and proteome is 

altered in experimental temporal lobe epilepsy. Sci. Adv. 6, eaat5979 (2020). 

24. Gerstner, J. R. et al. BMAL1 controls the diurnal rhythm and set point for electrical seizure 

threshold in mice. Front. Syst. Neurosci. 8, (2014). 

25. Wu, H. et al. Decreased expression of the clock gene Bmal1 is involved in the pathogenesis of 

temporal lobe epilepsy. Mol Brain 14, 113 (2021). 



17 
 

26. Yamakawa, G. R. et al. Diurnal circadian clock gene expression is altered in models of genetic and 

acquired epilepsy. Epilepsia Open epi4.12841 (2023) doi:10.1002/epi4.12841. 

27. Li, P. et al. Loss of CLOCK Results in Dysfunction of Brain Circuits Underlying Focal Epilepsy. 

Neuron 96, 387-401.e6 (2017). 

28. Wallace, E. et al. Altered circadian rhythms and oscillation of clock genes and sirtuin 1 in a model 

of sudden unexpected death in epilepsy. Epilepsia 59, 1527–1539 (2018). 

29. Barone, I. et al. Synaptic BMAL1 phosphorylation controls circadian hippocampal plasticity. Sci. 

Adv. 9, eadj1010 (2023). 

30. Zeng, L.-H., Rensing, N. R. & Wong, M. The Mammalian Target of Rapamycin Signaling Pathway 

Mediates Epileptogenesis in a Model of Temporal Lobe Epilepsy. J. Neurosci. 29, 6964–6972 

(2009). 

31. Baldassari, S. et al. The landscape of epilepsy-related GATOR1 variants. Genetics in Medicine 21, 

398–408 (2019). 

32. Crino, P. B. mTOR Signaling in Epilepsy: Insights from Malformations of Cortical Development. 

Cold Spring Harbor Perspectives in Medicine 5, a022442–a022442 (2015). 

33. Talos, D. M. et al. Mechanistic target of rapamycin complex 1 and 2 in human temporal lobe 

epilepsy. Annals of Neurology 83, 311–327 (2018). 

34. Chassoux, F. et al. Type II focal cortical dysplasia: Electroclinical phenotype and surgical outcome 

related to imaging. Epilepsia 53, 349–358 (2012). 

35. Moloney, P. B., Cavalleri, G. L. & Delanty, N. Epilepsy in the mTORopathies: opportunities for 

precision medicine. Brain Communications 3, fcab222 (2021). 

36. Ramanathan, C. et al. mTOR signaling regulates central and peripheral circadian clock function. 

PLoS Genet 14, e1007369 (2018). 

37. Cao, R. et al. Translational Control of Entrainment and Synchrony of the Suprachiasmatic 

Circadian Clock by mTOR/4E-BP1 Signaling. Neuron 79, 712–724 (2013). 



18 
 

38. Jessen, N. A., Munk, A. S. F., Lundgaard, I. & Nedergaard, M. The Glymphatic System: A Beginner’s 

Guide. Neurochem Res 40, 2583–2599 (2015). 

39. Xie, L. et al. Sleep Drives Metabolite Clearance from the Adult Brain. Science 342, 373–377 

(2013). 

40. Hauglund, N. L. et al. Norepinephrine-mediated slow vasomotion drives glymphatic clearance 

during sleep. Cell S0092867424013436 (2025) doi:10.1016/j.cell.2024.11.027. 

41. Miao, A. et al. Brain clearance is reduced during sleep and anesthesia. Nature Neuroscience 

(2024). 

42. Sheybani, L. et al. Electrophysiological Evidence for the Development of a Self-Sustained Large-

Scale Epileptic Network in the Kainate Mouse Model of Temporal Lobe Epilepsy. The Journal of 

Neuroscience 38, 3776–3791 (2018). 

43. Padmasola, G. P. et al. Involvement of the contralateral hippocampus in ictal-like but not 

interictal epileptic activities in the kainate mouse model of temporal lobe epilepsy. Epilepsia 

(2024). 

44. Słowiński, P. et al. Background EEG Connectivity Captures the Time-Course of Epileptogenesis in a 

Mouse Model of Epilepsy. eneuro 6, ENEURO.0059-19.2019 (2019). 

45. Sun, Q. et al. Enhancing glymphatic fluid transport by pan-adrenergic inhibition suppresses 

epileptogenesis in male mice. Nat Commun 15, 9600 (2024). 

46. Zhang, C. et al. Recovery of glymphatic system function in patients with temporal lobe epilepsy 

after surgery. Eur Radiol 33, 6116–6123 (2023). 

47. Lee, H.-J., Lee, D. A., Shin, K. J. & Park, K. M. Glymphatic system dysfunction in patients with 

juvenile myoclonic epilepsy. J Neurol 269, 2133–2139 (2022). 

48. Lee, D. A. et al. Glymphatic system dysfunction in temporal lobe epilepsy patients with 

hippocampal sclerosis. Epilepsia Open 7, 306–314 (2022). 

49. Huber, R., Ghilardi, M. F., Massimini, M. & Tononi, G. Local sleep and learning. Nature 430, 78–81 

(2004). 



19 
 

50. Huber, R. et al. Arm immobilization causes cortical plastic changes and locally decreases sleep 

slow wave activity. Nat Neurosci 9, 1169–1176 (2006). 

51. Krone, L. B. et al. A role for the cortex in sleep–wake regulation. Nat Neurosci 24, 1210–1215 

(2021). 

52. Bassetti, C., Vella, S., Donati, F., Wielepp, P. & Weder, B. SPECT during sleepwalking. The Lancet 

356, 484–485 (2000). 

53. Terzaghi, M. et al. Evidence of Dissociated Arousal States During NREM Parasomnia from an 

Intracerebral Neurophysiological Study. Sleep 32, 4 (2009). 

54. Vyazovskiy, V. V. et al. Local sleep in awake rats. Nature 472, 443–447 (2011). 

55. Peter-Derex, L. et al. Regional variability in intracerebral properties of NREM to REM sleep 

transitions in humans. Proc. Natl. Acad. Sci. U.S.A. 120, e2300387120 (2023). 

56. Guthrie, R. S., Ciliberti, D., Mankin, E. A. & Poe, G. R. Recurrent Hippocampo-neocortical sleep-

state divergence in humans. Proc. Natl. Acad. Sci. U.S.A. 119, e2123427119 (2022). 

57. Narikiyo, K. et al. The claustrum coordinates cortical slow-wave activity. Nat Neurosci 23, 741–

753 (2020). 

58. Motelow, J. E. et al. Decreased Subcortical Cholinergic Arousal in Focal Seizures. Neuron 85, 561–

572 (2015). 

59. Bassetti, C., McNicholas, W. T., Paunio, T. & Peigneux, P. Sleep Medicine Textbook. (2021). 

60. Sieu, L.-A. et al. Slow and fast cortical cholinergic arousal is reduced in a mouse model of focal 

seizures with impaired consciousness. Cell Reports 43, 115012 (2024). 

61. Schiller, K. et al. Focal epilepsy impacts rapid eye movement sleep microstructure. Sleep zsac250 

(2022) doi:10.1093/sleep/zsac250. 

62. Fernandez, L. M. J. & Lüthi, A. Sleep Spindles: Mechanisms and Functions. Physiological Reviews 

100, 805–868 (2020). 

63. Troester, M. et al. The AASM Manual for the Scoring of Sleep and Associated Events: Rules, 

Terminology and Technical Specifications. vol. Version 3 (Darien, IL, 2023). 



20 
 

64. Rasch, B. & Born, J. About Sleep’s Role in Memory. Physiological Reviews 93, 681–766 (2013). 

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

66. Kostopoulos, G., Gloor, P., Pellegrini, A. & Siatitsas, I. A study of the transition from spindles to 

spike and wave discharge in feline generalized penicillin epilepsy: EEG features. Experimental 

Neurology 73, 43–54 (1981). 

67. Kostopoulos, G., Gloor, P., Pellegrini, A. & Gotman, J. A study of the transition from spindles to 

spike and wave discharge in feline generalized penicillin epilepsy: Microphysiological features. 

Experimental Neurology 73, 55–77 (1981). 

68. Sheybani, L. et al. Asymmetry of sleep electrophysiological markers in patients with focal 

epilepsy. Brain Communications (2023) doi:10.1093/braincomms/fcad161. 

69. Schiller, K. et al. Focal epilepsy disrupts spindle structure and function. Sci Rep 12, 11137 (2022). 

70. Frauscher, B. et al. Interictal Hippocampal Spiking Influences the Occurrence of Hippocampal 

Sleep Spindles. Sleep 38, 1927–1933 (2015). 

71. Kramer, M. A. et al. Focal Sleep Spindle Deficits Reveal Focal Thalamocortical Dysfunction and 

Predict Cognitive Deficits in Sleep Activated Developmental Epilepsy. J. Neurosci. 41, 1816–1829 

(2021). 

72. Holden, S. S. et al. Complement factor C1q mediates sleep spindle loss and epileptic spikes after 

mild brain injury. Science 373, eabj2685 (2021). 

73. Leresche, N., Lambert, R. C., Errington, A. C. & Crunelli, V. From sleep spindles of natural sleep to 

spike and wave discharges of typical absence seizures: is the hypothesis still valid? Pflugers Arch - 

Eur J Physiol 463, 201–212 (2012). 

74. Beenhakker, M. P. & Huguenard, J. R. Neurons that Fire Together Also Conspire Together: Is 

Normal Sleep Circuitry Hijacked to Generate Epilepsy? Neuron 62, 612–632 (2009). 

75. Kozák, G., Földi, T. & Berényi, A. Spike-and-Wave Discharges Are Not Pathological Sleep Spindles, 

Network-Level Aspects of Age-Dependent Absence Seizure Development in Rats. eNeuro 7, 

ENEURO.0253-19.2019 (2020). 



21 
 

76. Gelinas, J. N., Khodagholy, D., Thesen, T., Devinsky, O. & Buzsáki, G. Interictal epileptiform 

discharges induce hippocampal–cortical coupling in temporal lobe epilepsy. Nature Medicine 22, 

641–648 (2016). 

77. Cash, S. S. et al. The Human K-Complex Represents an Isolated Cortical Down-State. Science 324, 

5 (2009). 

78. Dahal, P. et al. Interictal epileptiform discharges shape large-scale intercortical communication. 

Brain (2019) doi:10.1093/brain/awz269. 

79. Yu, H. et al. Interaction of interictal epileptiform activity with sleep spindles is associated with 

cognitive deficits and adverse surgical outcome in pediatric focal epilepsy. Epilepsia 65, 190–203 

(2024). 

80. Sákovics, A. et al. Prolongation of cortical sleep spindles during hippocampal interictal 

epileptiform discharges in epilepsy patients. Epilepsia 63, 2256–2268 (2022). 

81. Wodeyar, A. et al. Thalamic epileptic spikes disrupt sleep spindles in patients with epileptic 

encephalopathy. Brain (2024). 

82. Timofeev, I. et al. Spatio-temporal properties of sleep slow waves and implications for 

development. Current Opinion in Physiology 15, 172–182 (2020). 

83. Sheybani, L. et al. Wake slow waves in focal human epilepsy impact network activity and 

cognition. Nature Communications (2023) doi:https://doi.org/10.1038/s41467-023-42971-3. 

84. Massimini, M., Huber, R., Ferrarelli, F., Hill, S. & Tononi, G. The Sleep Slow Oscillation as a 

Traveling Wave. Journal of Neuroscience 24, 6862–6870 (2004). 

85. Fultz, N. E. et al. Coupled electrophysiological, hemodynamic, and cerebrospinal fluid oscillations 

in human sleep. Science 366, 628–631 (2019). 

86. Bellesi, M., Riedner, B. A., Garcia-Molina, G. N., Cirelli, C. & Tononi, G. Enhancement of sleep slow 

waves: underlying mechanisms and practical consequences. Frontiers in Systems Neuroscience 8, 

(2014). 



22 
 

87. Lubenov, E. V. & Siapas, A. G. Decoupling through Synchrony in Neuronal Circuits with 

Propagation Delays. Neuron 58, 118–131 (2008). 

88. Czarnecki, A., Birtoli, B. & Ulrich, D. Cellular mechanisms of burst firing-mediated long-term 

depression in rat neocortical pyramidal cells: Firing modes and synaptic plasticity. The Journal of 

Physiology 578, 471–479 (2007). 

89. Andrillon, T., Burns, A., Mackay, T., Windt, J. & Tsuchiya, N. Predicting lapses of attention with 

sleep-like slow waves. Nature Communications 12, (2021). 

90. Sarasso, S. et al. Local sleep-like cortical reactivity in the awake brain after focal injury. Brain 143, 

13 (2020). 

91. Russo, S. et al. Focal lesions induce large-scale percolation of sleep-like intracerebral activity in 

awake humans. NeuroImage 234, 117964 (2021). 

92. Song, C., Boly, M., Tagliazucchi, E., Laufs, H. & Tononi, G. fMRI spectral signatures of sleep. Proc. 

Natl. Acad. Sci. U.S.A. 119, e2016732119 (2022). 

93. Riedner, B. A. et al. Sleep Homeostasis and Cortical Synchronization: III. A High-Density EEG Study 

of Sleep Slow Waves in Humans. Sleep 30, 1643–1657 (2007). 

94. Plante, D. T. et al. Effects of partial sleep deprivation on slow waves during non-rapid eye 

movement sleep: A high density EEG investigation. Clinical Neurophysiology 127, 1436–1444 

(2016). 

95. Miyawaki, H., Watson, B. O. & Diba, K. Neuronal firing rates diverge during REM and homogenize 

during non-REM. Sci Rep 9, 689 (2019). 

96. Vyazovskiy, V. V., Cirelli, C., Pfister-Genskow, M., Faraguna, U. & Tononi, G. Molecular and 

electrophysiological evidence for net synaptic potentiation in wake and depression in sleep. 

Nature Neuroscience 11, 200–208 (2008). 

97. Vyazovskiy, V. V. et al. Cortical Firing and Sleep Homeostasis. Neuron 63, 865–878 (2009). 

98. Boly, M. et al. Altered sleep homeostasis correlates with cognitive impairment in patients with 

focal epilepsy. Brain 140, 1026–1040 (2017). 



23 
 

99. Skorucak, J. et al. Automated analysis of a large-scale paediatric dataset illustrates the 

interdependent relationship between epilepsy and sleep. Sci Rep 13, 12882 (2023). 

100. Bölsterli, B. K. et al. Remission of encephalopathy with status epilepticus (ESES) during sleep 

renormalizes regulation of slow wave sleep. Epilepsia 58, 1892–1901 (2017). 

101. Valero, M. et al. Sleep down state-active ID2/Nkx2.1 interneurons in the neocortex. Nat 

Neurosci 24, 401–411 (2021). 

102. Vyazovskiy, V. V. & Harris, K. D. Sleep and the single neuron: the role of global slow oscillations 

in individual cell rest. Nature Reviews Neuroscience 14, 443–451 (2013). 

103. Steriade, M., Dossi, R. & Nunez, A. Network modulation of a slow intrinsic oscillation of cat 

thalamocortical neurons implicated in sleep delta waves: cortically induced synchronization and 

brainstem cholinergic suppression. J. Neurosci. 11, 3200–3217 (1991). 

104. Staba, R. J., Wilson, C. L., Bragin, A., Fried, I. & Engel, J. Sleep States Differentiate Single 

Neuron Activity Recorded from Human Epileptic Hippocampus, Entorhinal Cortex, and 

Subiculum. J. Neurosci. 22, 5694–5704 (2002). 

105. Arbune, A. A. et al. Sleep modulates effective connectivity: A study using intracranial 

stimulation and recording. Clinical Neurophysiology 131, 529–541 (2020). 

106. Sheybani, L. et al. Slow oscillations open susceptible time windows for epileptic discharges. 

Epilepsia 62, 2357–2371 (2021). 

107. Westin, K., Cooray, G., Beniczky, S. & Lundqvist, D. Interictal epileptiform discharges in focal 

epilepsy are preceded by increase in low-frequency oscillations. Clinical Neurophysiology 136, 

191–205 (2022). 

108. Weiss, S. A. et al. Delta oscillation coupled propagating fast ripples precede epileptiform 

discharges in patients with focal epilepsy. Neurobiology of Disease 175, 105928 (2022). 

109. Chen, C. et al. A region-specific modulation of sleep slow waves on interictal epilepsy markers 

in focal epilepsy. Epilepsia 64, 973–985 (2023). 



24 
 

110. Weiss, S. et al. Pathological neurons generate ripples at the UP-DOWN transition disrupting 

information transfer. Epilepsia 65, (2024). 

111. Catron, M. A. et al. Sleep slow-wave oscillations trigger seizures in a genetic epilepsy model of 

Dravet syndrome. Brain Communications 5, (2023). 

112. Lee, C., Le, J. T., Ballester-Rosado, C. J., Anderson, A. E. & Swann, J. W. Neocortical Slow 

Oscillations Implicated in the Generation of Epileptic Spasms. Annals of Neurology 89, 226–241 

(2021). 

113. Sakakura, K. et al. Developmental atlas of phase-amplitude coupling between physiologic 

high-frequency oscillations and slow waves. Nat Commun 14, 6435 (2023). 

114. Alfonsa, H. et al. Intracellular chloride regulation mediates local sleep pressure in the cortex. 

Nat Neurosci 26, 64–78 (2023). 

115. Konduru, S. S. et al. Sleep Deprivation Exacerbates Seizures and Diminishes GABAergic Tonic 

Inhibition. Annals of Neurology 90, (2021). 

116. Seneviratne, U., Cook, M. & D’Souza, W. The electroencephalogram of idiopathic generalized 

epilepsy. Epilepsia 53, 234–248 (2012). 

117. Frauscher, B. et al. Facilitation of epileptic activity during sleep is mediated by high amplitude 

slow waves. Brain 138, 1629–1641 (2015). 

118. Ray, S., Crone, N. E., Niebur, E., Franaszczuk, P. J. & Hsiao, S. S. Neural Correlates of High-

Gamma Oscillations (60-200 Hz) in Macaque Local Field Potentials and Their Potential 

Implications in Electrocorticography. Journal of Neuroscience 28, 11526–11536 (2008). 

119. Ng, M. & Pavlova, M. Why Are Seizures Rare in Rapid Eye Movement Sleep? Review of the 

Frequency of Seizures in Different Sleep Stages. Epilepsy Research and Treatment 2013, 1–10 

(2013). 

120. Fouad, A. et al. Interictal epileptiform discharges show distinct spatiotemporal and 

morphological patterns across wake and sleep. Brain Communications 4, fcac183 (2022). 



25 
 

121. Zubler, F., Rubino, A., Lo Russo, G., Schindler, K. & Nobili, L. Correlating Interictal Spikes with 

Sigma and Delta Dynamics during Non-Rapid-Eye-Movement-Sleep. Front. Neurol. 8, 288 (2017). 

122. Walsh, J. K. et al. Tiagabine is Associated With Sustained Attention During Sleep Restriction: 

Evidence for the Value of Slow-Wave Sleep Enhancement? 29, (2006). 

123. Manzouri, F. et al. Low-frequency electrical stimulation reduces cortical excitability in the 

human brain. NeuroImage: Clinical 31, 102778 (2021). 

124. Citri, A. & Malenka, R. C. Synaptic plasticity: multiple forms, functions, and mechanisms. 

Neuropsychopharmacology 33, 18–41 (2008). 

125. Djonlagic, I. et al. Macro and micro sleep architecture and cognitive performance in older 

adults. Nat Hum Behav 5, 123–145 (2020). 

126. Sheybani, L., van Mierlo, P., Birot, G., Michel, C. M. & Quairiaux, C. Large-Scale 3–5 Hz 

Oscillation Constrains the Expression of Neocortical Fast Ripples in a Mouse Model of Mesial 

Temporal Lobe Epilepsy. eNeuro 6, (2019). 

127. Picard, F. et al. Intracerebral recordings of nocturnal hyperkinetic seizures: Demonstration of 

a longer duration of the pre-seizure sleep spindle. Clinical Neurophysiology 118, 928–939 (2007). 

128. Tezer, F. I., Rémi, J., Erbil, N., Noachtar, S. & Saygi, S. A reduction of sleep spindles heralds 

seizures in focal epilepsy. Clinical Neurophysiology 125, 2207–2211 (2014). 

129. Sudbrack-Oliveira, P., Lima Najar, L., Foldvary-Schaefer, N. & da Mota Gomes, M. Sleep 

architecture in adults with epilepsy: a systematic review. Sleep Medicine 53, 22–27 (2019). 

130. Crespel, A., Baldy-Moulinier, M. & Coubes, P. The Relationship Between Sleep and Epilepsy in 

Frontal and Temporal Lobe Epilepsies: Practical and Physiopathologic Considerations. Epilepsia 

39, 150–157 (1998). 

131. Garg, D., Charlesworth, L. & Shukla, G. Sleep and Temporal Lobe Epilepsy – Associations, 

Mechanisms and Treatment Implications. Front. Hum. Neurosci. 16, 849899 (2022). 

132. Yeh, W.-C., Li, Y.-S. & Hsu, C.-Y. Reduction in the propensity of rapid eye movement sleep and 

phasic-to-tonic ratio in patients with refractory epilepsy. SLEEP 46, zsad115 (2023). 



26 
 

133. Sadak, U. et al. Reduced REM sleep: a potential biomarker for epilepsy – a retrospective case-

control study. Seizure 98, 27–33 (2022). 

134. Kilgore-Gomez, A., Norato, G., Theodore, W. H., Inati, S. K. & Rahman, S. A. Sleep physiology 

in patients with epilepsy: Influence of seizures on rapid eye movement (REM) latency and REM 

duration. Epilepsia 65, 995–1005 (2024). 

135. Bender, A. C. et al. Altered Sleep Microarchitecture and Cognitive Impairment in Patients 

With Temporal Lobe Epilepsy. Neurology 101, (2023). 

136. Proost, R. et al. Factors associated with poor sleep in children with drug-resistant epilepsy. 

Epilepsia (2024) doi:10.1111/epi.18112. 

137. Adamantidis, A. R., Gutierrez Herrera, C. & Gent, T. C. Oscillating circuitries in the sleeping 

brain. Nature Reviews Neuroscience 20, (2019). 

138. Osorio-Forero, A. et al. Infraslow noradrenergic locus coeruleus activity fluctuations are 

gatekeepers of the NREM–REM sleep cycle. Nat Neurosci (2024) doi:10.1038/s41593-024-01822-

0. 

139. Griffiths, GwenvronM. & Fox, J. T. Rhythm in epilepsy. The Lancet 232, 409–416 (1938). 

140. Hoppe, C., Poepel, A. & Elger, C. E. Accuracy of Patient Seizure Counts. ARCH NEUROL 64, 

(2007). 

141. Karoly, P. J. et al. Circadian and circaseptan rhythms in human epilepsy: a retrospective cohort 

study. Lancet neurology 17, 9 (2018). 

142. Leguia, M. G. et al. Seizure Cycles in Focal Epilepsy. JAMA Neurol 78, 454 (2021). 

143. Khan, S. et al. Circadian rhythm and epilepsy. The Lancet Neurology 17, 11 (2018). 

144. Frauscher, B., Ellenrieder, N., Dubeau, F. & Gotman, J. EEG desynchronization during phasic 

REM sleep suppresses interictal epileptic activity in humans. Epilepsia 57, 879–888 (2016). 

145. Stirling, R. E. et al. Sleep and seizure risk in epilepsy: bed and wake times are more important 

than sleep duration. Brain (2023). 



27 
 

146. Jobst, B. C. et al. Secondarily Generalized Seizures in Mesial Temporal Epilepsy: Clinical 

Characteristics, Lateralizing Signs, and Association With Sleep–Wake Cycle. Epilepsia 42, 1279–

1287 (2001). 

147. Ho, A. et al. Rapid eye movement sleep affects interictal epileptic activity differently in 

mesiotemporal and neocortical areas. Epilepsia 64, 3036–3048 (2023). 

148. Von Ellenrieder, N., Dubeau, F., Gotman, J. & Frauscher, B. Physiological and pathological high-

frequency oscillations have distinct sleep-homeostatic properties. NeuroImage: Clinical 14, 566–

573 (2017). 

149. Lambert, I. et al. Brain regions and epileptogenicity influence epileptic interictal spike 

production and propagation during NREM sleep in comparison with wakefulness. Epilepsia 59, 

235–243 (2018). 

150. Hannan, S. et al. The Differing Effects of Sleep on Ictal and Interictal Network Dynamics in 

Drug-Resistant Epilepsy. Annals of Neurology 95, 42–56 (2024). 

151. McKenzie, M. B. et al. Breakthrough spikes in rapid eye movement sleep from the epilepsy 

monitoring unit are associated with peak seizure frequency. Sleep 43, zsz281 (2020). 

152. Campana, C. et al. Suppression of interictal spikes during phasic rapid eye movement sleep: a 

quantitative stereo-electroencephalography study. Journal of Sleep Research 26, 606–613 (2017). 

153. Giacomini, T. et al. On the role of REM sleep microstructure in suppressing interictal spikes in 

Electrical Status Epilepticus during Sleep. Clinical Neurophysiology 136, 62–68 (2022). 

154. Shouse, M. N., Siegel, J. M., Wu, M. F., Szymusiak, R. & Morrison, A. R. Mechanisms of seizure 

suppression during rapid-eye-movement (REM) sleep in cats. Brain Research 505, 271–282 

(1989). 

155. Sedigh-Sarvestani, M. et al. Rapid Eye Movement Sleep and Hippocampal Theta Oscillations 

Precede Seizure Onset in the Tetanus Toxin Model of Temporal Lobe Epilepsy. Journal of 

Neuroscience 34, 1105–1114 (2014). 



28 
 

156. Cantero, J. L. et al. Sleep-Dependent θ Oscillations in the Human Hippocampus and 

Neocortex. The Journal of Neuroscience 23, (2003). 

157. Ikoma, Y., Takahashi, Y., Sasaki, D. & Matsui, K. Properties of REM sleep alterations with 

epilepsy. Brain awac499 (2023) doi:10.1093/brain/awac499. 

158. Beppu, K. et al. Optogenetic Countering of Glial Acidosis Suppresses Glial Glutamate Release 

and Ischemic Brain Damage. Neuron 81, 314–320 (2014). 

159. Shuaib, U., Humayun, M., Panjwani, S. & Sheikh, A. A Case of Focal REM-Sleep Epilepsy 

Originating from the Occipital Lobe (P3.278). Neurology 90, P3.278 (2018). 

160. Arbune, A. A., Nikanorova, M., Terney, D. & Beniczky, S. REM-sleep related hypermotor 

seizures: Video documentation and ictal source imaging. Brain and Development 42, 503–507 

(2020). 

161. Watanabe, K. Neurophysiological aspects of neonatal seizures. Brain and Development 36, 

363–371 (2014). 

162. Schmutzler, K. M. R. S., Nunes, M. L. & Costa da Costa, J. The relationship between ictal 

activity and sleep stages in the newborn EEG. Clinical Neurophysiology 116, (2005). 

163. Ewell, L. A. et al. Brain State Is a Major Factor in Preseizure Hippocampal Network Activity and 

Influences Success of Seizure Intervention. J. Neurosci. 35, 15635–15648 (2015). 

164. Chakravarty, K. et al. Effect of sleep quality on memory, executive function, and language 

performance in patients with refractory focal epilepsy and controlled epilepsy versus healthy 

controls – A prospective study. Epilepsy & Behavior 92, 176–183 (2019). 

165. Lowe, C. J., Safati, A. & Hall, P. A. The neurocognitive consequences of sleep restriction: A 

meta-analytic review. Neuroscience & Biobehavioral Reviews 80, 586–604 (2017). 

166. Hoppe, C., Elger, C. E. & Helmstaedter, C. Long-term memory impairment in patients with 

focal epilepsy. Epilepsia 48, 26–29 (2007). 

167. Ung, H. et al. Interictal epileptiform activity outside the seizure onset zone impacts cognition. 

Brain 140, 2157–2168 (2017). 



29 
 

168. Latreille, V., Schiller, K., Peter-Derex, L. & Frauscher, B. Does epileptic activity impair sleep-

related memory consolidation in epilepsy? A critical and systematic review. Journal of Clinical 

Sleep Medicine 18, 2481–2495 (2022). 

169. Sarkis, R. A. et al. Epilepsy and sleep characteristics are associated with diminished 24-h 

memory retention in older adults with epilepsy. Epilepsia 64, (2023). 

170. Kwon, H. et al. Association of Sleep Spindle Rate With Memory Consolidation in Children With 

Rolandic Epilepsy. Neurology 104, e210232 (2025). 

171. Latreille, V. et al. Scalp and hippocampal sleep correlates of memory function in drug-

resistant temporal lobe epilepsy. SLEEP 47, zsad228 (2024). 

172. Mock, N. et al. Lesion-symptom mapping corroborates lateralization of verbal and nonverbal 

memory processes and identifies distributed brain networks responsible for memory 

dysfunction. Cortex 153, 178–193 (2022). 

173. Lambert, I. et al. Hippocampal Interictal Spikes during Sleep Impact Long-Term Memory 

Consolidation. Annals of Neurology (2020) doi:10.1002/ana.25744. 

174. McLaren, J. R. et al. Preliminary evidence of a relationship between sleep spindles and 

treatment response in epileptic encephalopathy. Ann Clin Transl Neurol 10, 1513–1524 (2023). 

175. Henin, S. et al. Spatiotemporal dynamics between interictal epileptiform discharges and 

ripples during associative memory processing. Brain 144, 1590–1602 (2021). 

176. Audrain, S., Wennberg, R., Tarazi, A. & McAndrews, M. P. Slow wave sleep is associated with 

forgetting in patients with temporal lobe epilepsy. Epilepsy & Behavior 158, 109931 (2024). 

177. Van Schalkwijk, F. J., Ricci, M., Nikpour, A. & Miller, L. A. The impact of sleep characteristics 

and epilepsy variables on memory performance in patients with focal seizures. Epilepsy & 

Behavior 87, 152–158 (2018). 

178. Walker, M. P. The Role of Slow Wave Sleep in Memory Processing. Journal of Clinical Sleep 

Medicine 5, (2009). 

179. Atherton, K. E. et al. Slow wave sleep and accelerated forgetting. Cortex 84, 80–89 (2016). 



30 
 

180. Höller, Y., Eyjólfsdóttir, S., Van Schalkwijk, F. J. & Trinka, E. The effects of slow wave sleep 

characteristics on semantic, episodic, and procedural memory in people with epilepsy. Front. 

Pharmacol. 15, 1374760 (2024). 

181. Sarkis, R. A. et al. Sleep-dependent memory consolidation in the epilepsy monitoring unit: A 

pilot study. Clinical Neurophysiology 127, 2785–2790 (2016). 

182. Khambhati, A. N., Chang, E. F., Baud, M. O. & Rao, V. R. Hippocampal network activity 

forecasts epileptic seizures. Nat Med (2024) doi:10.1038/s41591-024-03149-6. 

183. Rigoni, I. et al. Network alterations in temporal lobe epilepsy during non-rapid eye movement 

sleep and wakefulness. Clinical Neurophysiology 159, 56–65 (2024). 

184. Narang, P. et al. Relationship between location of epileptic focus and occurrence during sleep 

versus wakefulness. Epileptic Disorders 24, 103–110 (2022). 

185. Conrad, E. C. et al. Spike patterns surrounding sleep and seizures localize the seizure-onset 

zone in focal epilepsy. Epilepsia 64, (2023). 

186. Avigdor, T. et al. Consistency of electrical source imaging in presurgical evaluation of epilepsy 

across different vigilance states. Ann Clin Transl Neurol 11, 389–403 (2024). 

187. Dellavale, D. et al. Spontaneous fast-ultradian dynamics of polymorphic interictal events in 

drug-persistant focal epilepsy. Epilepsia 64, (2023). 

188. Conrad, E. C. et al. Spatial distribution of interictal spikes fluctuates over time and localizes 

seizure onset. Brain 143, 554–569 (2020). 

189. Yuan, X. & Sun, M. The value of rapid eye movement sleep in the localization of epileptogenic 

foci for patients with focal epilepsy. Seizure 81, 192–197 (2020). 

190. McLeod, G. A. et al. Sleep–wake states change the interictal localization of candidate epileptic 

source generators. Sleep 45, zsac062 (2022). 

191. Kang, X. et al. Quantitative spatio-temporal characterization of epileptic spikes using high 

density EEG: Differences between NREM sleep and REM sleep. Sci Rep 10, 1673 (2020). 



31 
 

192. Klimes, P. et al. NREM sleep is the state of vigilance that best identifies the epileptogenic zone 

in the interictal electroencephalogram. Epilepsia 60, 2404–2415 (2019). 

193. Rekola, L. et al. Combined value of interictal markers and stimulated seizures to estimate the 

seizure onset zone in stereoelectroencephalography. Epilepsia (2024). 

194. Revajová, K. et al. Interictal invasive very high-frequency oscillations in resting awake state 

and sleep. Sci Rep 13, 19225 (2023). 

195. Thomas, J. et al. A Subpopulation of Spikes Predicts Successful Epilepsy Surgery Outcome. 

Annals of Neurology 93, 522–535 (2023). 

196. Buenzli, J. C. et al. Deep brain stimulation of the anterior nucleus of the thalamus increases 

slow wave activity in non-rapid eye movement sleep. Epilepsia 64, 2044–2055 (2023). 

197. Wunderlin, M. et al. Modulating overnight memory consolidation by acoustic stimulation 

during slow-wave sleep: a systematic review and meta-analysis. Sleep 44, zsaa296 (2021). 

198. Fattinger, S. et al. Closed-Loop Acoustic Stimulation During Sleep in Children With Epilepsy: A 

Hypothesis-Driven Novel Approach to Interact With Spike-Wave Activity and Pilot Data Assessing 

Feasibility. Front. Hum. Neurosci. 13, 166 (2019). 

199. Charlebois, C. M. et al. Circadian changes in aperiodic activity are correlated with seizure 

reduction in patients with mesial temporal lobe epilepsy treated with responsive 

neurostimulation. Epilepsia 65, 1360–1373 (2024). 

200. Qiu, Y. et al. On-demand cell-autonomous gene therapy for brain circuit disorders. Science 

378, 523–532 (2022). 

201. Peter-Derex, L. et al. Sleep Disruption in Epilepsy: Ictal and Interictal Epileptic Activity Matter. 

Ann Neurol 88, 907–920 (2020). 

202. Yardley, J. et al. Long-term effectiveness and safety of lemborexant in adults with insomnia 

disorder: results from a phase 3 randomized clinical trial. Sleep Medicine 80, 333–342 (2021). 



32 
 

203. Berteotti, C., Calvello, C. & Liguori, C. The role of the orexin system in the bidirectional 

relation between sleep and epilepsy: new chances for patients with epilepsy by the antagonism 

to orexin receptors? Epilepsia epi.17661 (2023) doi:10.1111/epi.17661. 

204. Ng, M. C. Orexin and Epilepsy: Potential Role of REM Sleep. Sleep 40, (2017). 

205. Goudarzi, E., Elahdadi Salmani, M., Lashkarbolouki, T. & Goudarzi, I. Hippocampal orexin 

receptors inactivation reduces PTZ induced seizures of male rats. Pharmacology Biochemistry and 

Behavior 130, 77–83 (2015). 

206. Roundtree, H. M. et al. Orexin Receptor Antagonism Improves Sleep and Reduces Seizures in 

Kcna1-null Mice. Sleep 39, 357–368 (2016). 

207. Kortunay, S. et al. Orexins increase penicillin-induced epileptic activity. Peptides 34, 419–422 

(2012). 

208. Erken, H. A. et al. Orexins cause epileptic activity. Peptides 37, 161–164 (2012). 

209. Çikriklar, H. I. et al. The role of Orexin-A levels in epileptic seizure. Neuroscience Letters 734, 

135097 (2020). 

210. Rejdak, K., Papuć, E., Grieb, P. & Stelmasiak, Z. Decreased cerebrospinal fluid hypocretin-1 

(orexin A) in patients after repetitive generalized tonic–clonic seizures. Epilepsia 50, 1641–1644 

(2009). 

211. Planas-Ballvé, A. et al. Insomnia and poor sleep quality are associated with poor seizure 

control in patients with epilepsy. Neurología (English Edition) 37, 639–646 (2022). 

212. Peng, W., Ding, J. & Wang, X. The Management and Alternative Therapies for Comorbid Sleep 

Disorders in Epilepsy. CN 19, 1264–1272 (2021). 

213. Lin, Z., Si, Q. & Xiaoyi, Z. Obstructive sleep apnoea in patients with epilepsy: a meta-analysis. 

Sleep Breath 21, 263–270 (2017). 

214. Macêdo, P. J. O. M., Oliveira, P. S. de, Foldvary-Schaefer, N. & Gomes, M. da M. Insomnia in 

people with epilepsy: A review of insomnia prevalence, risk factors and associations with 

epilepsy-related factors. Epilepsy Research 135, 158–167 (2017). 



33 
 

215. Khachatryan, S. G., Ghahramanyan, L., Tavadyan, Z., Yeghiazaryan, N. & Attarian, H. P. Sleep-

related movement disorders in a population of patients with epilepsy: prevalence and impact of 

restless legs syndrome and sleep bruxism. Journal of Clinical Sleep Medicine 16, 409–414 (2020). 

216. Ismayilova, V., Demir, A. U. & Tezer, F. I. Subjective sleep disturbance in epilepsy patients at an 

outpatient clinic: A questionnaire-based study on prevalence. Epilepsy Research 115, 119–125 

(2015). 

217. van Golde, E. G. A., Gutter, T. & de Weerd, A. W. Sleep disturbances in people with epilepsy; 

prevalence, impact and treatment. Sleep Medicine Reviews 15, 357–368 (2011). 

218. Andrillon, T. et al. Sleep Spindles in Humans: Insights from Intracranial EEG and Unit 

Recordings. Journal of Neuroscience 31, 17821–17834 (2011). 

219. Jin, B., Aung, T., Geng, Y. & Wang, S. Epilepsy and Its Interaction With Sleep and Circadian 

Rhythm. Front. Neurol. 11, 327 (2020). 

220. Lipton, J. O. et al. The Circadian Protein BMAL1 Regulates Translation in Response to S6K1-

Mediated Phosphorylation. Cell 161, 1138–1151 (2015). 

221. Yeh, W.-C. et al. Non-rapid eye movement sleep instability in adults with epilepsy: a 

systematic review and meta-analysis of cyclic alternating pattern. Sleep 45, zsac041 (2022). 

222. Yeh, W.-C. et al. Rapid eye movement sleep disturbance in patients with refractory epilepsy: A 

polysomnographic study. Sleep Medicine 81, 101–108 (2021). 

223. Yeh, W.-C., Lin, P.-J., Chuang, Y.-C. & Hsu, C.-Y. Quantitative evaluation of the microstructure of 

rapid eye movement sleep in refractory epilepsy: a preliminary study using 

electroencephalography and heart rate variability analysis. Sleep Medicine 85, 239–245 (2021). 

224. Fernandez, L. M. et al. Thalamic reticular control of local sleep in mouse sensory cortex. eLife 

7, e39111 (2018). 

225. Osorio-Forero, A. et al. Noradrenergic circuit control of non-REM sleep substates. Current 

Biology 31, 5009-5023.e7 (2021). 



34 
 

226. Fisher, R. et al. Electrical stimulation of the anterior nucleus of thalamus for treatment of 

refractory epilepsy: Deep Brain Stimulation of Anterior Thalamus for Epilepsy. Epilepsia 51, 899–

908 (2010). 

227. Frauscher, B. et al. Atlas of the normal intracranial electroencephalogram: neurophysiological 

awake activity in different cortical areas. Brain 141, 1130–1144 (2018). 

228. von Ellenrieder, N. et al. How the Human Brain Sleeps: Direct Cortical Recordings of Normal 

Brain Activity. Ann Neurol 87, 289–301 (2020). 

229. Frauscher, B. et al. High-Frequency Oscillations in the Normal Human Brain. Annals of 

Neurology (2018) doi:10.1002/ana.25304. 

230. Bernabei, J. M. et al. Normative intracranial EEG maps epileptogenic tissues in focal epilepsy. 

Brain 145, 1949–1961 (2022). 

231. Bernabei, J. M. et al. HUP iEEG Epilepsy Dataset. OpenNeuro 

https://doi.org/10.18112/openneuro.ds004100.v1.1.1 (2022). 

232. Tononi, G. & Cirelli, C. Sleep function and synaptic homeostasis. Sleep Medicine Reviews 10, 

49–62 (2006). 

233. Tononi, G. & Cirelli, C. Sleep and synaptic homeostasis: a hypothesis. Brain Research Bulletin 

62, 143–150 (2003). 

234. Durkin, J. & Aton, S. J. Sleep-Dependent Potentiation in the Visual System Is at Odds with the 

Synaptic Homeostasis Hypothesis. Sleep 39, 155–159 (2016). 

235. Chauvette, S., Seigneur, J. & Timofeev, I. Sleep Oscillations in the Thalamocortical System 

Induce Long-Term Neuronal Plasticity. Neuron 75, 1105–1113 (2012). 

236. Andrillon, T., Pressnitzer, D., Léger, D. & Kouider, S. Formation and suppression of acoustic 

memories during human sleep. Nat Commun 8, 179 (2017). 

237. Vulliemoz, S., Lemieux, L., Daunizeau, J., Michel, C. M. & Duncan, J. S. The combination of EEG 

Source Imaging and EEG-correlated functional MRI to map epileptic networks. Epilepsia 51, 491–

505 (2010). 



35 
 

238. Vulliemoz, S. et al. Simultaneous intracranial EEG and fMRI of interictal epileptic discharges in 

humans. NeuroImage 54, 182–190 (2011). 

239. Brodbeck, V. et al. Electroencephalographic source imaging: a prospective study of 152 

operated epileptic patients. Brain 134, 2887–2897 (2011). 

  

 


