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Abstract

Purpose of review There is a known interrelationship between sleep and epilepsy. This
review highlights the recent findings regarding interactions between sleep and circadian
rhythms and the manifestations of epilepsy and surgical treatments for refractory epilep-
sy.
Recent findings CLOCK gene expression may be reduced within the epileptogenic focus in
patients with refractory epilepsy. Interictal epileptiform discharges during NREM and
especially REM sleep may lateralize to the epileptogenic hemisphere. Intracranial video
EEG monitoring and EEG from implanted responsive neurostimulator devices confirm scalp
video EEG findings of a nocturnal peak for interictal epileptiform discharges. Successful
epilepsy surgery may improve sleep macrostructure and quality.
Summary Sleep outcomes in people with epilepsy undergoing epilepsy surgery and
neurostimulator implantation may provide innovative understandings into the associa-
tions between sleep and epilepsy. These associations may then provide novel therapeutic
options targeting sleep and circadian pathways to improve seizure control and improve the
quality of life for patients with this debilitating disorder.
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Introduction

Epilepsy is a common disease affecting about 1% of the
US population [1, 2] with half to nearly two thirds of
people with epilepsy reporting sleep disturbances [3, 4].
People with epilepsy have poorer sleep quality and im-
paired micro- and macrostructure of sleep while the
manifestations of epilepsy, including timing and sever-
ity seizures, appear to be influenced by endogenous

circadian pathways. Understanding of these interactions
has led to new strategies in evaluating patients for epi-
lepsy surgery. The impact of epilepsy surgery on sleep
outcomes has been recently reported as well. This article
highlights studies exploring the association of circadian
rhythms and sleep with epilepsy and the surgical evalu-
ation and treatment of refractory epilepsy.

Circadian rhythm and epilepsy

The term circadian rhythm refers to the 24-h cycle of behavioral and
physiological activity that we (and other organisms on the planet) experi-
ence. Briefly, light entrains our brain to this 24-h cycle through neural
pathways from the retina to the pineal gland, via the hypothalamus.
Melatonin, produced in the pineal gland, is the circadian hormone in the
body, rising during periods of darkness, and suppressed in the light. This
hormone has effects in the brain and other tissues as well, timing this
rhythmicity.

We have long known that interictal activity and seizures of different types of
epilepsy tend to occur in patterns that follow the time of day. Interictal epilep-
tiform discharges (IEDs) associated with multiple types of epilepsy have a
nocturnal predominance and are activated by sleep, occurring most often
during and with an expanded distribution in NREM sleep, possibly due to
enhanced EEG synchronization [5, 6]. IEDs are less frequent and have the most
focal field during REM sleep [6–11] and may be less frequent in phasic than
tonic REM sleep [7, 12, 13]. Quigg et al. found that spontaneous limbic seizures
in a rat model of mesial temporal lobe seizures consistently occurred towards
the end of the light cycle (12 h light/12 h dark) and persisted at the same time of
day when rats were in total darkness for 24 h [14•]. Seizures also occurred more
often during inactive (rest) periods compared to active (wake) states, but only
with external light exposure, suggesting that zeitgebers and daily patterns may
also affect seizure occurrence. In human studies, many types of epilepsy have
sleep-activated seizures, with highest seizure preponderance reported in NREM
sleep (N1/N2 9N3) and smallest occurrence during REM sleep, based on brain
region [9, 15–19]. Mesial temporal lobe seizures have two diurnal peaks,
morning and late afternoon (including when evaluated in a non-circadian
environment), and are more likely to secondarily generalize during sleep,
frontal lobe seizures occur mostly during sleep with an early morning peak,
occipital lobe seizures peak in the early evening and rarely occur during sleep,
while seizures arising from the parietal lobe havemixed reports, some reporting
an early morning peak occurrence and others with rare sleep-related frequency
[14•, 17, 18, 20–22, 23••]. Clearly, sleep, a physiologic process strongly regu-
lated by the circadian system, plays a role in these patterns. However, there is a
greater appreciation of the role of the circadian pathways in epilepsy and the
mechanisms underlying this pattern are still being defined.
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For example, a link between melatonin and epilepsy has been established
over time. Phase shifts of melatonin secretion have been demonstrated in both
adults [24] and children [25] with epilepsy, and overall decreases in melatonin
levels have been described in patients with epilepsy as well [26]. In an experi-
mental model, rats who underwent pinealectomy, and thus had no melatonin,
had an increase in cell loss and neuronal sprouting following drug-induced
status epilepticus than controls. This effect was partially reversed by exogenous-
ly supplied melatonin, indicating that this hormone and an intact circadian
rhythm may be protective for epileptogenesis [27]. As reviewed by Jain and
Besag, evidence for the role thatmelatoninmay play in clinical practice is mixed
[28] and may be due to the aforementioned difference between the interaction
of circadian rhythm with distinct seizure types. Melatonin has been shown to
reduce seizure frequency and severity in juveniles with intractable epilepsy [29,
30]. However, a case series reported an increase in seizures in neurologically
disabled children [31]. Further research on larger groups of subjects is needed to
further identify if melatonin is effective, and if so, for which patients.

Another aspect of the circadian rhythm occurs at the cellular/molecular
level, where certain genes are believed to be integral to keeping this clock
attuned (e.g., CLOCK, PER1, PER2) as reviewed by Cho [32]. Recently, an
examination of human brain tissue revealed decreased CLOCK gene expres-
sion within the surgically resected epileptic focus when compared to the
surrounding normal brain tissue [33•]. Further studies showed transgenic
mice where this protein was eliminated in excitatory neurons demonstrated
decreased seizure thresholds and increased spontaneous epileptiform dis-
charges. This work could provide the basis for future therapy using medica-
tions targeting circadian pathways in a localized manner to affect these genes
within the seizure focus to treat the patient.

Epilepsy surgery and sleep

Knowledge of sleep stage effects on interictal epileptiform discharges (IEDs) has
been utilized in patientswith refractory epilepsy who are undergoing evaluation
for epilepsy surgery. Several case series in patients with focal epilepsy [6, 9, 10,
34, 35] and one in children with generalized discharges but focal neuroimaging
changes [8] undergoing video EEG for epilepsy surgery evaluation have inves-
tigated the value of lateralized interictal discharges while awake and by sleep
stage. While IEDs that occur during NREM sleep tend to lateralize to the
epileptogenic hemisphere more often than while awake [34], the unilateral,
focal discharges occurring during REM sleep have the greatest concordance with
the epileptogenic hemisphere [6, 8–10, 35].

Disturbed sleep and daytime sleepiness in people with epilepsy has been
attributed to seizures, interictal epileptiform activity, timing of seizures, mood
disorders, antiepileptic drugs, and comorbid sleep disorders [36, 37•]. Dis-
turbed sleep patterns include increased transitional light NREM sleep and
increased arousals, poor sleep efficiency, and altered percentage of REM sleep
[10, 38–42]. Thus, intuitively, patients who become seizure free following
epilepsy surgery should transition to a more normalized organization of sleep
and improvement in sleep quality.
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A few studies in patients with medically refractory epilepsy have eval-
uated the effects of resective epilepsy surgery on subjective and/or objec-
tive sleep measures [43•, 44•, 45••, 46]; most of which are case series or
cohort studies performed in patients with medically intractable temporal
lobe epilepsy. To help eliminate the impact of changes in antiepileptic
drug doses on sleep measures, these investigators report maintaining stable
doses of antiepileptic drugs from the preoperative through the postopera-
tive assessment time points. One case series of 21 patients with medically
refractory frontal lobe epilepsy with mostly sleep related seizures evaluated
excessive daytime sleepiness (Epworth Sleepiness Scale scores 9 10) before
and at least 12 months after partial frontal lobe resection. Following
surgical resection, the nine patients who reported preoperative excessive
daytime sleepiness had resolution of excessive daytime sleepiness; seven
were seizure free, one had rare disabling seizures, and one had worthwhile
seizure reduction following surgery [46]. Carrion and colleagues found
that prior to surgery in a cohort of patients with refractory temporal lobe
epilepsy, sleep quality was poor (mean global Pittsburgh Sleep Quality
Index, PSQI 9 5), worse in patients with a predominance of nocturnal
seizures (global PSQI = 10.63). Three months following surgical resection,
seizure frequency improved and overall sleep quality normalized (global
PSQI = 2.25) with persistent improvement at the 1-year postoperative
follow-up visit (global PSQI 1.48) [43•].

The effects of epilepsy surgery on objective sleep measures have also
been evaluated [44•, 45••]. One study in four patients with symptomatic
generalized seizures and large right hemispheric neuroimaging abnormal-
ities who underwent functional or anatomical right hemispherectomy
reported seizure freedom postoperatively in all patients with only one
patient who required continued antiepileptic drug therapy to control sei-
zures. Although preoperative polysomnography data for the postsurgical
patients were not reported, polysomnography in these patients 9 2 years
following right hemispherectomy demonstrated no IEDs and no signifi-
cant changes in sleep architecture and objective sleep measures from
recordings over the remaining left hemisphere compared to healthy con-
trols [47]. In patients with refractory temporal lobe epilepsy, Serafini and
colleagues performed polysomnograms before and after anterior temporal
lobectomy while maintaining stable doses of antiepileptic drugs. All
seizure-free patients showed reduced interictal epileptiform activity, re-
duced sleep onset latency, and decreased awakenings as well as increased
total sleep time and increased REM sleep 1 year following surgery com-
pared to preoperative baseline [44•]. Zanzmera et al. also found that
patients good seizure control after epilepsy surgery had improved subjec-
tive daytime sleepiness (on Epworth Sleepiness Scale scores) as well as
improved objective measures including reduced IEDs, decreased arousal
index, increased total sleep time, and increased total REM sleep. Interest-
ingly, 3 of the 12 patients who became seizure free postoperatively also
demonstrated resolution of known comorbid obstructive sleep apnea with
apnea-hypopnea index improving from 9 5 events per hour to a normal
range (G 5 events/h.) Those patients who did not have improved seizure
control following surgery did not show improvement in subjective or
objective sleep measures [45••]. Another case report demonstrated
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resolution of obstructive sleep apnea and reduced IEDs and seizures fol-
lowing focal left frontal lobe resection [48]. Although these reports dem-
onstrated improvement in obstructive sleep apnea following epilepsy sur-
gery, further studies are needed to determine the underlying mechanisms.

Neurostimulation treatment for epilepsy

Other treatment options for medically refractory epilepsy not amenable to focal
cortical resection include implantation of neurostimulator devices. Deep brain
stimulation, Vagus nerve stimulation, and responsive neurostimulation have
been shown to improve seizure control. The impact of neurostimulation on
sleep quality, sleep architecture, and on certain sleep disorders has been studied
most in Vagus nerve stimulation while these interactions remain largely un-
known in other forms of neurostimulation for epilepsy.

Vagus nerve stimulation
Vagus nerve stimulation (VNS) was FDA-approved for adjunctive treatment of
medically refractory epilepsy in 1997 and since then, several case reports,
retrospective and prospective descriptive studies have evaluated its effects on
daytime sleepiness and sleep study parameters [49]. Lower VNS stimulus
intensity (G 1.5 mA) has been shown to improve daytime sleepiness (decreased
Epworth Sleepiness Scale scores [50] or decreased naps on sleep diaries [51])
and vigilance (increased mean sleep latency on Multiple Sleep Latency Test),
even without improved seizure frequency from preimplantation baseline [50,
52]. Lower VNS current intensity can also improve visual reaction times which is
associated with improved quality of life [52]. These lower current intensity
settings may increase sleep-onset REM periods compared to baseline, though,
do not appear to change percentages of sleep stages or other sleep parameters
on overnight polysomnography in adults [50, 51]; however, increased N3 sleep
has been observed in children [53]. Higher VNS stimulus intensities (9 1.5 mA)
are associated with disturbed sleep due to increased arousals, NREM stage 1
sleep (N1), increased wake after sleep onset, reduced percentage of REM sleep
[51], and increased mean sleep latency on Multiple Sleep Latency Tests [52].

Higher VNS stimulus intensities and rapid cycling on and off have been
associated with development of nocturnal stridor, snoring, and development
and/or worsening of obstructive and central sleep apnea. Decreasing stimulus
intensities and increasing time between stimulation cycles may decrease these
detrimental effects, as well as use of continuous positive airway pressure [54–
57], perhaps due to VNS innervated peripheral effects on the upper airway
musculature, increased vagal tone, and altered central nervous system modula-
tion of airway patency [48]. Thus, it is important to consider screening for sleep
apnea before and after VNS implantation, and to keep in mind that decreasing
VNS stimulus intensity may improve VNS-induced sleep apnea.

Deep brain stimulation
Deep brain stimulation of the bilateral anterior nuclei of the thalamus (DBS-
ANT) has been utilized to treat refractory epilepsy [49, 58] in Europe. One
German study prospectively evaluated nine patients implanted with DBS-ANT
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and observed that the number of arousals on polysomnography was increased
(1.4 to 6.7 times higher) during DBS stimulation compared to non-stimulation
periods. Decreasing the DBS voltage reduced arousals and correlated with
resolution of neuropsychiatric symptoms without worsening seizure control
[59]. Although not yet commercially available in the USA, in May of 2018, the
FDA approved deep brain stimulation of the bilateral anterior nuclei of the
thalamus for treatment of adults with medically refractory focal epilepsy. There
is a paucity of data evaluating the impact of DBS-ANT on sleep in people with
epilepsy and due to the importance of thalamic control in sleep-wake processes,
further investigation is needed.

Responsive neurostimulation
In 2013, the FDA approved implantation of a closed-loop responsive
neurostimulation device within the two epileptogenic foci or single focus of
patients with medically refractory focal epilepsy not amenable to resective sur-
gery. The responsive neurostimulator detects and records short and long bursts of
interictal epileptiform discharges (IEDs) and seizure activity and then delivers an
electrical stimulation therapy to disrupt seizures. Investigations have been per-
formed on these long-term intracranial recordings to determine circadian and
ultradian patterns in patients with focal epilepsy. A case report in a patient with
type I diabetes and refractory epilepsy s/p bilateral hemispheric responsive
neurostimulator implantation, left in the mesial temporal region and right in
the neocortical temporal region, found the patient’s right-sided seizures occurred
earlier in the morning and at lower glucose levels than the patient’s left-sided
seizures. Responsive neurostimulation therapies did not alter glucose levels. This
finding encourages further studies evaluating the relationship between glucose
levels, seizure activity, and potentially other endogenous circadian processes in
patients with responsive neurostimulators [60].

Spencer et al. evaluated 134 refractory focal epilepsy patients with respon-
sive neurostimulators implanted to treat seizures and reported that for all brain
regions, IEDs had a nocturnal peak which correlates with prior studies per-
formed with brief (few days) duration of scalp or intracranial video EEG
monitoring. Seizures arising from neocortical brain regions had a nocturnal
peak while seizures arising from limbic regions peaked during the day with a
complex pattern (i.e., not monophasic) [23••]. Further investigations in pa-
tients with responsive neurostimulation may help better define circadian and
ultradian patterns of ictal and interictal epileptiform activity which may lead to
strategies to optimize treatments for epilepsy.

Conclusion

Knowledge of the interaction between sleep and epilepsy has been used to
augment seizure localization strategies in patients with medically refractory
epilepsy. Epileptiform discharges during REM sleep may have the strongest
localizing value, lateralizing to the hemisphere containing the seizure focus.
Although people with epilepsy commonly report disturbed sleep, those who
undergo epilepsy surgery and achieve good seizure control may have improved
subjective and objective sleep outcomes. In addition, seizures of different
subtypes appear to have different circadian patterns, and an emerging amount
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of data implicates circadian rhythm associated genes in epileptogenesis. Focal
resective surgery may improve obstructive sleep apnea in a few case reports;
however, the underlying mechanisms need to be delineated. While we know
that lower Vagus nerve stimulus intensities can positively impact daytime
sleepiness, vigilance, and risk for sleep disordered breathing and the clock time
peaks of epileptiform activity and seizures, little is known about the impact of
other forms of neurostimulation on sleep and other circadian rhythms in
people with epilepsy. Expansion of our understanding of the interactions
between sleep, circadian rhythms, and epilepsy could provide new therapeutic
avenues in the future.

Take-home points

• Interictal epileptiform discharges have a nocturnal peak in focal and general-
ized epilepsies
• Interictal epileptiform discharges during REM sleep may help lateralize the
hemisphere containing the seizure onset zone in people with intractable
epilepsy
• CLOCK gene expression may be reduced within the epileptogenic focus in
patients with refractory epilepsy
• Lower intensity settings on Vagus nerve stimulators may improve daytime
sleepiness and vigilance in people with refractory epilepsy while higher inten-
sity settings and rapid cycling may increase risk of sleep apnea
• Sleep architecture, daytime sleepiness, and sleep quality may be improved in
patients who become seizure free following focal cortical resection
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