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A B S T R A C T

Background: While the effects of prolonged sleep deprivation (�24 h) on seizure occurrence has been thor-
oughly explored, little is known about the effects of day-to-day variations in the duration and quality of sleep
on seizure probability. A better understanding of the interaction between sleep and seizures may help to
improve seizure management.
Methods: To explore how sleep and epileptic seizures are associated, we analysed continuous intracranial
electroencephalography (EEG) recordings collected from 10 patients with refractory focal epilepsy undergo-
ing ordinary life activities between 2010 and 2012 from three clinical centres (Austin Health, The Royal Mel-
bourne Hospital, and St Vincent’s Hospital of the Melbourne University Epilepsy Group). A total of 4340 days
of sleep-wake data were analysed (average 434 days per patient). EEG data were sleep scored using a semi-
automated machine learning approach into wake, stages one, two, and three non-rapid eye movement sleep,
and rapid eye movement sleep categories.
Findings: Seizure probability changes with day-to-day variations in sleep duration. Logistic regression models
revealed that an increase in sleep duration, by 1¢66 § 0¢52 h, lowered the odds of seizure by 27% in the following
48 h. Following a seizure, patients slept for longer durations and if a seizure occurred during sleep, then sleep
quality was also reduced with increased time spent aroused from sleep and reduced rapid eye movement sleep.
Interpretation: Our results suggest that day-to-day deviations from regular sleep duration correlates with
changes in seizure probability. Sleeping longer, by 1¢66 § 0¢52 h, may offer protective effects for patients
with refractory focal epilepsy, reducing seizure risk. Furthermore, the occurrence of a seizure may disrupt
sleep patterns by elongating sleep and, if the seizure occurs during sleep, reducing its quality.
Funding: This research was supported by Australian National Health and Medical Research Council Project
Grant 1130468, US National Institutes of Health Grant R01 NS09288203, Czech Technical University in
Prague Grant OHK4-026/21 and Epilepsy Foundation of America Innovation Institute, My Seizure Gauge.
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1. Introduction

Sleep and epileptic seizures share a complex and bidirectional
relationship [1]. Deviations from normal sleep duration and quality
can greatly influence the risk of a seizure [2]. In turn, the occurrence
and treatment of seizures can disrupt normal sleep patterns [3�5].
Understanding the complexities of this relationship is an important
step toward improving seizure management.

While it is generally accepted that total sleep deprivation for peri-
ods of 24 h or longer can lead to seizures, even in individuals that do
not have epilepsy [6,7], the role of partial sleep deprivation in
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Research in context:

Evidence before this study

We searched the literature for studies on sleep and seizures
published in MEDLINE (from 1946 to June, 2020) and Embase
(from 1974 to June, 2020). We used comprehensive search
strategies combining terms “epilepsy”, “seizures”, “precipi-
tants”, “sleep”, “deprivation”, “quality”, “composition”, “archi-
tecture”, “rapid eye movement”, and “non-rapid eye
movement”. No language restrictions were applied. The bibli-
ographies of relevant reviews and included journal articles
were also inspected for additional relevant studies. While
many authors accept that sleep has an important impact on sei-
zure propensity, only 4 longitudinal studies have specifically
addressed the effects of regular sleep duration variability on
seizure likelihood. We did not find any longitudinal studies
addressing the effects of sleep quality on seizure probability.
Existing investigations have either relied on sleep and seizure
diaries, which are known to be inaccurate, or on EEG collected
within a hospital environment, which is unlikely to be repre-
sentative of the true relationship between sleep and seizures
and whose short-term (<14 days) nature lacks the statistical
power for the analyses conducted here.

Added value of this study

Our study uses continuous data that was collected via intracra-
nial EEG from ten patients undergoing ordinary life activities
and spanned over months to years. This long-term data allowed
us to explore the association between seizures and the duration
and composition of sleep.

Implications of all the available evidence

A small increase in sleep duration was associated with a lower
seizure propensity, though interestingly, a small reduction in
sleep duration did not produce consistent effects. The occur-
rence of a seizure was followed by altered sleep patterns with
patients sleeping for longer durations and if the seizure
occurred during sleep, sleep quality was also reduced with an
increased amount of time spent aroused from sleep and a
decrease in rapid eye movement sleep.
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promoting seizures remains controversial [8,9]. Of four studies using
self-reported sleep and seizure information, three indicated that par-
tial sleep deprivation increased the probability of a seizure [9�11],
while the fourth reported a small degree (< 1 h) of sleep loss did not
influence seizure occurrence at all [8]. To our knowledge, no electro-
encephalography (EEG) investigations have addressed the role of par-
tial sleep deprivation.

Similar uncertainty exists regarding the effects of sleep quality on
seizure propensity in people with epilepsy. Typically, sleep quality is
quantified by the absolute or percentage of time spent in each sleep
stage as well as the degree of sleep fragmentation or time spent awake
after sleep onset [12]. Sleep with more frequent/longer arousals,
reduced rapid eye movement (REM) sleep, or reduced stage three non-
rapid eye movement (NREM) sleep is generally considered to be less
restorative [13]. Studies that have selectively manipulated REM sleep
duration suggest that increased REM sleep may act to reduce cortical
excitability and, in turn, seizure occurrence [14,15]. However, it is yet to
be determined if day-to-day variations in REM sleep, deep sleep, or
sleep fragmentation can influence seizure occurrence in humans.

The influence of sleep on seizure risk is further complicated by the
effects that seizures themselves have on sleep duration and quality.
Short-term EEG investigations have shown following a focal impaired
awareness or focal to bilateral tonic-clonic seizure, there is a reduc-
tion in the proportion of REM sleep. When the seizure occurs during
sleep, this reduction in REM sleep is more pronounced and is accom-
panied by an increase in stage one NREM and decreases in stage two
NREM and deep sleep [5]. Similar disruptions have been observed for
up to four nights following generalised convulsive status epilepticus,
where sleep consists predominantly of stage one NREMwith minimal
REM and deep sleep [16]. These alterations in sleep may play an
important role in the generation of subsequent seizures.

Until now, long-term (>1�2 weeks) investigations of sleep and
epilepsy have relied on seizure diaries. This is problematic as seizure
diaries are highly unreliable, with patients often reporting less than
50% of their seizures [17,18]. Furthermore, short-term EEG investiga-
tions do not have the statistical power to investigate the effects of
subtle changes in sleep duration or quality on seizure occurrence.
The small number of seizures collected per patient in a typical EEG
study usually requires the data to be collapsed across patients for
analyses, which is problematic given the high degree of variability
that exists between individuals [19,20]. Furthermore, the majority of
EEG data is collected in a hospital setting, often with medication
withdrawal and deliberate sleep deprivation, which is unlikely to be
representative of the true sleep and seizure trends that occur in day-
to-day life.

Here, we present the first study using long-term ambulatory
intracranial EEG data (spanning several months to years for each
patient) to investigate the relationship between sleep and seizures.
Recordings were classified into sleep stages and analysed to describe
sleep-wake patterns in our patient group. Our objective was to
explore and define the bidirectional relationship between seizures
and sleep duration and composition. Our results demonstrate that an
increase in sleep duration is correlated with reduced seizure odds in
the following 48 h, which may imply that increased sleep duration
offers protective effects. Variability in sleep stage proportions pro-
duced variable effects across patients, with no significant change in
the odds of a seizure in the following 48 h. The occurrence of a sei-
zure is followed by longer sleep durations and, if a seizure occurs dur-
ing sleep, sleep quality is reduced with a lower proportion of REM
sleep and a greater proportion of time spent in brief arousal.

2. Methods

2.1. Data

The data used in this study were collected between 2010 and
2012 as part of the first-in-man clinical trial of an implantable seizure
advisory system which was approved by the Human Research Ethics
Committees of the three participating clinical centres: Austin Health,
The Royal Melbourne Hospital, and St Vincent’s Hospital of the Mel-
bourne University Epilepsy Group (LRR145/13) [17]. Patient selection
prioritised suitable seizure frequencies (between 2 and 12 per
month) and adults with sufficient independence to make the
implanted seizure advisory device useful for managing daily activi-
ties. All patients gave written informed consent before participation
in the clinical trial. Fifteen patients with focal epilepsy were
implanted with an intracranial EEG device recording at 400 Hz. Peri-
ods where the external device was not in range of the transmitter or
periods where the device was not charged caused dropouts in the
data. The patient cohort showed a range of demographic and clinical
features that is typical of the wider refractory epilepsy population,
with a range of aetiologies, and including patients on multiple anti-
seizure drugs, as well as patients on minimal therapy. The patient
details and recording durations are provided in Table 1. Patients 3, 4,
5, 7, and 14 from the original trial were excluded from analyses as we
did not have sleep information for these patients. There were no sig-
nificant differences between the included and excluded patient



Table 1.
Patient demographics.

Patient # (y) Age Sex Epileptogenic zone Recording duration (days) # of Seizures # Days analysed % unknown sleep-wake
state in analysed data

1 26 Male Parietal-temporal 767¢4 151 348 20
2 44 Male Occipitoparietal 730¢1 32 607 9
6 62 Male Temporal 441¢3 71 382 1
8 48 Male Frontotemporal 558¢4 467 355 2
9 51 Female Occipitoparietal 394¢9 204 224 20
10 50 Female Frontotemporal 373¢3 545 318 2
11 53 Female Frontotemporal 721¢6 467 398 13
12 43 Male Temporal 729¢0 13 709 0.8
13 50 Male Temporal 746¢9 500 534 10
15 36 Male Temporal 465¢6 77 465 2

yPatient numbering is based on the original trial.17
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groups according to age (t(13)=0¢76, p = 0¢46), sex (X2(1, N = 15)=1¢25,
p = 0¢26), frequency of previous resection (X2(1, N = 15)=0, p = 1), sei-
zure count (t(13)=0¢94, p = 0¢36) or drug load (t(13)=�0¢67, p = 0¢51),
and thus we do not expect the exclusion of five patients to bias the
results of this investigation. Sleep related comorbidities were ruled
out for our patient group by clinical history and in-patient video EEG.
For further details regarding the recruitment criteria, patient demo-
graphic and clinical procedures, see Cook et al. [17].

Seizure detections were verified by certified clinicians and expert
investigators with the aid of seizure diaries and audio recorded from
the portable seizure advisory device.

2.2. Sleep-wake scoring

Intracranial EEG was scored in 30 s epochs into awake, stage one
NREM (NREM1), stage two NREM (NREM2), stage three NREM
(NREM3), or REM sleep categories based on methods adapted from
Kremen et al. [22]. These methods have previously been confirmed
and validated on intracranial EEG data with concurrent polysomnog-
raphy and gold standard sleep scoring according to AASM2012 rules
across multiple investigations and have yielded an average accuracy
of 94% with Cohen’s kappa of 0.8732 for NREM2, NREM3 and awake
states, and with REM sleep included an average of 91% in humans
and 94% in dogs (not shown). The accuracy of stage 1 NREM sleep
was less reliable, presumably because it is relatively infrequent,
accounting for very little of the total sleep duration, and is very simi-
lar electrographically to the awake state. For this reason, we do not
draw any major conclusions regarding this sleep type. Furthermore,
any spontaneous NREM1 occurring separate from other sleep scores
were ignored when marking sleep onset and offset transitions and
were not included in the total sleep duration.

Sleep scoring was conducted using one representative electrode
or the median of all electrodes selected manually by reviewer judge-
ment. For each patient, nine days at equidistant positions throughout
the dataset were manually sleep-wake scored and used to train a
patient-specific automated classifier. The data was classified using a
K nearest-neighbours algorithm with K = 3�50 clusters or a Naïve
Bayes classifier. Each classifier used an optimised subset of 8 features
selected for the individual patient by a sequential feature selection
method from a set of 21 extracted features. The trained classifier
scored 24 h sections at a time.

A generalised deep learning convolutional feed-forward neural
network (CNN) algorithm tested and published in Nejedly et al.
[21,23] was utilised to scan the data for artifactual segments. The
input signal was processed by the generalised CNN model and the
resulting artefact probability matrix was used to analyse and inter-
pret the artifactual segments of the data. The sleep-wake scored data
was then pruned by removing any artefactual epochs or epochs/days
with more than 50% of data missing. Unusable epochs/days were
classified as ‘unknown’.
2.3. Feature extraction

We used a subset of algorithms previously defined by Gerla et al.
[24] to extract spectral, entropy-based and wavelet transform fea-
tures. We used 21 features extracted for each epoch, for each patient.
Features included mean dominant and spectral median frequencies,
mean absolute and mean relative spectral powers in the following
frequency bands: 1�3 Hz (delta), 3�7 Hz (theta), 7�12 Hz (alpha),
12�15 Hz (low beta), and 15�20 Hz (high beta). As well as a spectral
entropy feature, which is an estimate of the probability density func-
tion for each epoch of EEG signal in the frequency bands described
above and for an additional 1�25 Hz band. To overcome energy fluc-
tuations in the data, individual features were normalised into scale
given by 0.05 and 0.95 quantiles of each feature distribution. Classi-
fiers were trained with normalised and unnormalised features and
we selected the classifier that produced the best results for each
patient. An example of the standard frequency band features together
with a continuous wavelet scalogram and sleep scoring is shown in
Fig. 1.

2.4. Statistical analysis

All sleep-wake patterns and the influence of seizures on sleep
duration and structure were analysed using repeated measures one-
way ANOVA. Bounded data were arcsine transformed prior to
ANOVA. We did not assume sphericity of the data and so a Green-
house-Geisser correction was used for all repeated measures ANOVA.
To be consistent with existing literature, the interaction between sei-
zure risk and day-to-day variability in sleep duration and composi-
tion were analysed using mixed effects logistic regression models. A
p-value of 0.05 or lower was considered statistically significant
unless otherwise stated. Data analyses were conducted using MAT-
LAB R2017a, ANOVA was conducted using Graphpad Prism 8.3 and
logistic regression modelling was conducted using Stata 16.1.

2.5. Role of the funding source

The funders had no role in study design, data collection, analysis,
interpretation, or the writing of the report. The corresponding author
had full access to the data and had the final responsibility for the
decision to submit for publication.

3. Results

3.1. Overview of sleep and seizure timing

A total of 4340 days of sleep-wake data were analysed across 10
patients (between 224 and 709 days per patient). As sleep was com-
monly interrupted by brief arousals, the main transitions into (“sleep
onset”) and out of (“sleep offset”) sleep were manually labelled by



Fig. 1. Power in Band features with continuous wavelet scalogram.(A) Automated sleep scores and corresponding (B) EEG time series continuous wavelet scalogram and power (mV)
in Berger bands; (C) delta (1�4 Hz), D) theta (4�7 Hz), E) alpha (8�12 Hz), and F) beta (12�30 Hz). Here, we show a recording from patient 15 on day 19 into the study.

4 K.L. Dell et al. / EClinicalMedicine 37 (2021) 100934
visual inspection (Fig. 2A). Any sleep sections shorter than 2 h in
duration were classed as naps. Previous reports by our group have
described circadian and circaseptan patterns in seizure occurrence
for this patient cohort [25]. In Fig. 2B we show the distributions of
sleep onset, offset and seizure times across a 24 h period. Of note, for
patients 8 and 10 the seizures cluster at the same times of day as the
regular sleep onset and offset transitions. This suggests that the tim-
ing of sleep could play an important role in seizure precipitation, at
least in some patients. We also explored the circaseptan period but
did not observe any clear trends between seizure occurrence and
sleep transition times (Supplementary Fig. 1).

3.2. Overview of sleep structure

Proportions of time in each sleep-wake state are shown for each
patient in Fig. 3A. The time spent in brief arousal from sleep was
labelled as wake after sleep onset (WASO) and is included in the total
sleep duration. Segments where sleep-wake scoring was not possible
due to noise, artefacts, or data dropout are represented as ‘unknown’.
Days that contained more than 30% unknown were excluded from all
analyses. The average hours asleep for each patient ranged from 7.52
to 11.35 h per seizure-free day including naps (Fig. 3B). This is 0.21 to
4.04 h longer than the average sleep duration reported for Australian
adults, 7.31 h [26]. The longer duration of time spent asleep in our
cohort may be the result of frequent napping, with patients taking an
average of 0.21�1.04 naps on seizure-free days and 0.32�1.34 naps
on days that seizures occurred (Fig. 3C).

In order to determine if the patients’ sleep followed a typical
architecture, sleep was divided into cycles. Cycle one was defined to
begin at the first instance of REM sleep and continue until the next
instance of REM sleep. Each subsequent cycle began at the last REM
period and extended until the next, as illustrated in Fig. 4A. Only the
first five cycles of sleep, excluding naps, on seizure-free days are
included in these analyses. Throughout sleep, cycle duration
decreased with each subsequent cycle (Fig. 4B). The time spent in
NREM1 and REM sleep increased with each cycle while the time
spent in NREM3 sleep decreased (Fig. 4C). The trends were consistent
across patients and the overall structure of sleep followed trends sim-
ilar to those observed in healthy individuals [27]. These results thus
indicate our sleep scoring methods were effective.

3.3. The relationship between sleep-wake state and seizure occurrence
and duration

To explore how seizure characteristics related to current sleep-
wake state on seizure, we calculated the proportion, rate, and



Fig. 2. Sleep and seizure circadian cycles. (A) Sleep-wake scores with example sleep transitions (sleep onset and sleep offset) labelled by visual inspection and indicated by dotted
vertical lines. Sections of sleep shorter than 2 h in duration were classified as naps. (B) Normalised polar histograms of sleep onset (blue), sleep offset (yellow) and seizure (red)
times throughout a 24 h period. For each patient the total number of sleep transitions (onset or offset) is shown in black and the total number of seizures in red (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.).
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duration of seizures in each sleep-wake category. Two patients (8 &
15) experienced more seizures during the wake state while the
remaining eight patients (1, 2, 6, 9, 10, 11, 12, & 13) had the majority
of their seizures during sleep which includes periods of brief arousal
(Fig. 5A). When we calculated the average daily rate of seizures per
sleep stage, we found that for most patients seizures occurred most
frequently in NREM1 sleep (patients 2, 9, 10, 11 & 15; Fig. 5B). Though
the effect of sleep-wake category on the seizure rate was significant
for five patients, post-hoc analyses revealed no consistent trends
across the cohort (Supplementary Table 1). There was no significant
effect of sleep-wake category on seizure duration (Fig. 5C; Supple-
mentary Table 2).

3.4. The relation between seizure probability and the day-to-day
variability in sleep duration and composition

To assess the interaction between day-to-day deviations in sleep
duration and quality and seizure probability, we used logistic



Fig. 3. Sleep duration and composition overview. (A) The proportion of time spent in each sleep-wake state, (B) the average daily duration (h) spent asleep on seizure free days (night
sleep + naps), and C) the average number of naps per seizure free and seizure days are shown for each patient. Error bars represent standard deviation.

Fig. 4. Night sleep structure.(A) Example illustration of sleep cycles. The average (B) cycle duration (h) and (C) proportion of the cycle spent in each sleep stage is shown for each
patient in colour with the population average represented by the bold black line.

6 K.L. Dell et al. / EClinicalMedicine 37 (2021) 100934
regression with random subject-specific intercept. A separate model
was used to assess the influence of total sleep duration and the rela-
tive proportion of each sleep-wake state, calculated within a 24 h
period. For each patient, days were categorised into decreased, base-
line, and increased sleep duration. Baseline sleep was defined as sleep
durations falling within the interquartile range (�25th percentile and
�75th percentile). Durations below the 25th percentile and above
the 75th percentile were classed as decreased and increased sleep
duration, respectively. The same method was applied to the relative
proportion of each sleep-wake state. The interquartile range for total
sleep duration and the proportion of each sleep-wake state is shown
in Figs. 6A and 7A. Days when a seizure occurred were excluded from
these categories. Alteration of sleep duration or sleep-wake state pro-
portion was assumed to play a role if a seizure occurred within 48 h
after an increase or decrease in sleep duration or sleep-wake state
proportion. Each patient contributed multiple days of observation
into each model, therefore the random effect was the patient to take
within subject correlation into account. The sleep categories



Fig. 5. Seizure rate and duration for each sleep-wake state.(A) The proportion of seizures occurring in each sleep-wake state are shown for each patient. The group average (B) hourly
seizure rate (sz/h) and () seizure duration (min) is shown for each sleep-wake state. The open circles represent the average for each patient.

Fig. 6. Seizure probability is reduced following a night of increased sleep duration. (A) The interquartile range of total sleep duration, calculated in 24 h periods and including both night
sleep and naps, is shown for each patient. (B) The population average change in the probability of a seizure occurring in the 48 h after a night of decreased (#<25th percentile of total
sleep duration) or increased (" >75th percentile of total sleep duration) total sleep duration relative to baseline is represented by the hollow bars. The change in probability for indi-
vidual patients is represented by filled circles. Red bars indicate significant group-level effects. Error bars represent standard deviation. (C) For each patient, the normalised probabil-
ity of a seizure occurring in the 48 h after a night of decreased (#), baseline (-), or increased (") sleep duration is represented by the filled bars (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.).

K.L. Dell et al. / EClinicalMedicine 37 (2021) 100934 7
(decreased, baseline, and increased) were the fixed effects. When age,
sex and epileptogenic zone were included in our models we found no
significant effect nor any significant confounding influence on the
effects of sleep on seizure occurrence (Supplementary Table 3), the
variables were therefore excluded from the models.

3.5. Sleep duration

For all but one patient (pt 12), we found that sleeping for longer
durations was correlated with a reduced seizure likelihood in the fol-
lowing 48 h (Fig. 6B). Of note, patient 12, who did not follow this
trend, experienced the smallest number of seizures (n = 13). At the
group level, our logistic regression model revealed that when
patients slept longer than the 75th percentile there was a 27% reduc-
tion in the odds of a seizure in the following 48 h when compared to
baseline (p < 0¢009; Table 2). For our cohort, the 75th percentile
equates to an average of 11¢2 (§1¢3) h of sleep, which is 1¢66 (§0.52)
h longer than their median sleep duration. Interestingly, sleeping less
than the 25th percentile (8¢29 § 0¢99 h), which is 1¢13 (§0¢48) h less
than their median sleep duration, did not have any significant group
effect on the odds of a seizure (p = 0¢48; Table 2). However, using ran-
dom intercepts modelling, the random effect contributed to the



Fig. 7. Seizure probability does not change with day-to-day variability in sleep composition. (A) The interquartile range for the proportion of each sleep-wake state, calculated in 24 h
periods as a proportion of the total sleep duration, is shown for each patient. (B) The population average change in the probability of a seizure relative to baseline is shown for
decreased and increased proportions of WASO, NREM1, NREM2, NREM3, and REM sleep by the hollow bars. Individual patient values are indicated by the filled circles. Red bars indi-
cate significant group-level effects. Error bars represent standard deviation (For interpretation of the references to color in this figure legend, the reader is referred to the web ver-
sion of this article.).
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overall model variance significantly, suggesting that subjects
responded differently. For four patients (2, 8, 11, & 12), a reduction in
total sleep duration was followed by an increased probability of sei-
zure relative to baseline, while for the remaining six patients (1, 6, 9,
13, & 15), the opposite was true (Fig. 6B & C). The differences between
means for baseline and more/less sleep and the 95% confidence inter-
vals are depicted in Supplementary Fig. 2A as bootstrap sampling dis-
tributions. There were no consistent trends in the age, sex,
epileptogenic zone or medication with regards to the interaction
between sleep duration and seizure probability.

3.6. Sleep composition

We anticipated that the odds of seizure might increase following
poor-quality sleep, consisting of a higher WASO or NREM1 propor-
tion or a lower NREM3 or REM proportion. However, this was not the
case. Instead, any deviation in the proportion of REM sleep from base-
line tended to increase the odds of a seizure. A reduced proportion of
REM sleep, below the 25th percentile (0¢09 § 0¢05) was followed by
a 29% increase in the odds of a seizure compared to baseline while an
increased proportion of REM sleep (p = 0¢026), above the
75th percentile (0¢17 § 0¢07) was followed by a 27% increase in the
odds of a seizure (p = 0¢035; Table 2). We also observed a lower sei-
zure probability tended to follow a night of reduced NREM3
(p = 0¢052). However, none of these trends were found to be signifi-
cant after Bonferroni corrections were applied for multiple compari-
sons. In general, changes in each sleep type had variable effects
across the group, as indicated by the spread of both positive and neg-
ative changes in seizure probability relative to baseline (Fig. 7B). The
differences between means for baseline and more/less REM sleep and
the 95% confidence intervals are depicted in Supplementary Fig. 2B
as bootstrap sampling distributions.

3.7. Sleep duration and composition following seizure occurrence

To characterise sleep duration and composition following a sei-
zure, we divided the data into three categories: days (24 h periods)
that were seizure free (control), days where seizures occurred while
the patient was awake (wake sz), and days where seizures occurred
during sleep (sleep sz). If a seizure occurred both while awake and
asleep, the day was excluded from analysis. The total duration of
sleep and the relative proportion of each sleep-wake state were com-
pared across control, wake sz, and sleep sz categories. In general, we
found that patients spent more time asleep following a seizure,



Table 2.
Population level logistic regression model results investigating the interaction between seizure risk and day-to-day variation in sleep
duration and sleep composition. A separate model was used for sleep duration and each sleep category proportion.

Sleep Duration/
Composition

Change in sleep
relative to baseline

Risk of seizure Odds
ratio relative to baseline
(95% Confidence interval)

p-value (Bonferroni
corrected a = 0.025)

Change in the risk of seizure
relative to baseline

Total Sleep Duration # 0¢92 (0¢74, 1¢15) 0¢48 �
" 0¢73 (0¢58, 0¢92) 0¢009 #

Proportion WASO # 1¢02 (0¢81, 1¢27) 0¢89 �
" 0¢86 (0¢69, 1¢09) 0¢21 �

Proportion NREM1 # 0¢91 (0¢73, 1¢14) 0¢43 �
" 0¢98 (0¢78, 1¢22) 0¢83 �

Proportion NREM2 # 1¢04 (0¢84, 1¢31) 0¢701 �
" 1¢01 (0¢81, 1¢27) 0¢93 �

Proportion NREM3 # 0¢79 (0¢63, 1¢001) 0¢052 �
" 0¢92 (0¢73, 1¢15) 0¢46 �

Proportion REM # 1¢29 (1¢03, 1¢63) 0¢026 �
" 1¢27 (1¢02, 1¢58) 0¢035 �

Fig. 8. Sleep duration and composition is altered following a seizure.(A) For each patient, the average duration asleep (h) is illustrated for seizure free (Control), wakeful seizure (Wake
Sz), and sleeping seizure (Sleep Sz) categories. (B) The average change in sleep duration (h) and (C) The average change in the proportion of time spent in each sleep-wake state is
illustrated for the population (bar) and individual patients (filled circles). Red bars indicate significant group-level effects. Error bars represent standard deviation (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.).
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particularly if the seizure occurred during sleep. However, the com-
position of sleep was only disrupted if the seizure occurred during
sleep.

When compared to control, sleep duration and composition was
altered following a seizure (Fig. 8A). The occurrence of a seizure cor-
related with a significant increase in sleep duration, which was most
pronounced if the seizure occurred during sleep (Fig. 8B;
pDuration=0¢0035, F1¢36,12¢24 = 11¢16; one-way ANOVA; pwakeSz=0.019,
psleepSz=0.0045; Dunnett’s multiple comparisons). There were no sig-
nificant changes in the proportion of each sleep category following a
seizure that occurred while awake (Fig. 8C). However, the proportion
of time spent awake (in brief arousal during sleep) increased and the
time spent in REM sleep decreased when a seizure occurred during
sleep, which may suggest that the quality of sleep is reduced by sei-
zure occurrence (Fig. 8C; ANOVA: pDuration=0¢0035, F1¢36,12¢24 = 11¢16;
pWASO=0¢011, F1¢69,15¢24 = 6¢531; pREM=0¢019, F1¢49,13¢44 = 5¢999; Dun-
nett’s multiple comparisons: pWASO=0¢005, pREM=0¢0091 (;). We also
observed that the proportion of time spent in NREM3 sleep also
tended to decrease following a sleep seizure; however, this was not
found to be significant (Fig. 8C; pNREM3=0¢090, F1¢40,12¢65 = 3¢161; one-
way ANOVA). There were no consistent changes in the proportion of
time spent in stage one or two NREM sleep following a seizure
(Fig. 8C; pNREM1=0¢20, F1¢44,13¢99=1¢796; pNREM2=0¢85,
F1¢86,16¢78 = 0¢1486; one-way ANOVA).

4. Discussion

This is the first long-term EEG study to explore the bi-directional
relationship between sleep and seizures. In our study, data were col-
lected via intracranial EEG from patients undergoing ordinary life
activities. All existing EEG investigations looking at the relationship
between seizures and sleep have used data that were collected in
hospital settings and of significantly shorter duration, which is
unlikely to provide a true representation of relationships that exist
between sleep and seizures. We show for the first time that seizure
probability changes with day-to-day variations in sleep duration but
not sleep composition. An increase in sleep duration was associated
with a reduced seizure propensity in the following 48 h, suggestive
of a protective effect. However, counter to expectations, a reduced
sleep duration did not consistently increase seizure probability, with
grouped effects observed. This may indicate that clinical help for
sleep disturbance and seizure problems might benefit from ‘grouped’
attention, as opposed to ‘individual’ or ‘blanket’ treatment methods.
Interestingly, improved sleep quality was not associated with
reduced seizure risk; no sleep state was found to be significantly
associated with seizure likelihood. Finally, we found the occurrence
of a seizure correlated with patients sleeping for longer durations
and, if the seizure occurred during sleep, the quality of sleep was
reduced.

Ours is the first study to use EEG to investigate the interaction
between day-to-day deviations in sleep duration and seizure occur-
rence. We show that an increase in sleep duration by an average of
1¢66 § 0¢52 or more was associated with a 27% reduction in the odds
of seizure in the following 48 h. While our study design cannot
exclude the possibility of reverse causality, where sleep prior to seiz-
ures is altered because of pre-seizure effects, our results could sug-
gest that increasing sleep duration is beneficial for patients with
epilepsy, reducing seizure risk. Interestingly, for most patients a
reduced sleep duration, of 1¢13 § 0¢48 h, did not indicate a facilitative
role in the generation of seizures. Our mixed effects model indicated
that the random effect contributed to the overall model variance sig-
nificantly, suggesting that subjects respond differently. For four
patients, seizure likelihood was higher following a night of reduced
sleep duration while for the remaining six patients, seizure likelihood
was lower. From a clinical perspective this is a potentially important
finding. Indeed, it may suggest that clinical help in this area might
benefit from ‘grouped’ attention, as opposed to either, ‘individual’ or
‘blanket’ treatments as the preferred method of addressing sleep dis-
turbance and seizure problems. Larger reports could do well to reflect
on clustering mechanisms of treatment administrations.

Although insufficient sleep has long been accepted as a seizure
precipitant, supporting evidence predominantly involves profound
sleep deprivation (>24 h) [28]. The influence of small changes in
sleep duration (0.5�2 h) have been scarcely addressed: To our
knowledge, there are only four seizure diary studies and they have
produced contradictory results [28]. We believe a large part of this
discrepancy may be because of the unreliability of self-reported sleep
and seizure diaries with patients reporting less than 50% of their seiz-
ures [17]. Using reliable long-term information about the occurrence
of sleep and seizures, our results suggest that mild sleep loss may not
be problematic for all patients with epilepsy, though sleeping for lon-
ger is beneficial in reducing seizure risk. It is possible that we did not
observe a consistent precipitating effect of mild sleep loss because
the effect is cumulative and not readily detected by our analytical
methods. Chronic partial sleep deprivation occurs more frequently
than profound sleep deprivation (>24 h) yet its effects have not been
examined as thoroughly, presumably because they are inherently
more difficult to assess [28]. On average our patient cohort slept for
2.5 h longer than healthy adults [26]. This could suggest our patient
cohort requires more sleep than healthy adults due to their seizure
and/or antiepileptic drug burden. Ultimately, we do not know how
much sleep patients with refractory epilepsy require. Thus, it is possi-
ble that the apparent neuroprotective effects observed following an
increase in sleep duration could reflect recovery from accumulated
sleep debt. Alternatively, it could be that the impacts of mild sleep
loss are not readily observed in our patient group because the
patients were sleeping longer than necessary and thus a small reduc-
tion in sleep duration did not exit healthy limits.

Previous research has shown that patients with epilepsy com-
monly have circadian and infradian rhythms in seizure occurrence
[25,29]. In our patient group both circadian and circaseptan seizure
cycles have been described but the relation of these cycles to sleep is
yet to be determined [25]. Here we have shown that, for two patients,
seizures tend to occur at the same times of day as their regular sleep
onset and offset times. This suggests that sleep timing in particular,
could be important in regulating the circadian seizure cycles. We did
not observe any clear patterns between sleep timing and seizure
occurrence for the circaseptan cycles, though, other sleep factors may
contribute more heavily. Further investigation, exploring more cycle
durations and aspects of sleep is necessary to fully establish the pos-
sible interactions between seizure and sleep-wake cycles.

The effects of day-to-day variations in sleep quality on seizure risk
have never before been described. We hypothesised that a higher
quality sleep would exert a protective effect. However, we did not
find any type of sleep to be significantly associated with seizure pro-
pensity. Animal and human studies have indicated that REM sleep, in
particular, might be important for people with epilepsy where
increasing the proportion of REM sleep may reduce cortical excitabil-
ity and, thus, seizure risk [14,15]. Our results do not support this
notion. Though, we acknowledge that the interaction between REM
sleep and seizures may be too slight to be observed here and may
require a larger scale investigation.

Previous studies have indicated the occurrence of a seizure can
reduce sleep duration and quality, namely lowering the proportion of
REM sleep [5,16,30,31]. However, these investigations have been
conducted in a hospital setting, which is known to alter regular sleep
patterns and, therefore, may produce misleading results [32]. Our
data was collected from patients undergoing ordinary life activities.
Unlike previous indications, we found that sleep duration was
increased following a seizure. This could play an important protective
role, helping to reduce the occurrence of subsequent seizures. While
we did not observe any significant disruption to the composition of
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sleep following a wakeful seizure, we found that sleep that was inter-
rupted by a seizure was of poorer quality, including a greater propor-
tion of time spent aroused from sleep and a reduction in REM sleep.
This could imply that seizures occur more readily during abnormal
sleep or alternatively that sleep is disrupted because of seizure occur-
rence.

In our investigation, it is important to acknowledge that, while we
have months to years of data per patient, our patient cohort was rela-
tively small and highly selected, only including adults with refractory
epilepsy, a relatively high seizure burden and a lateralised epilepto-
genic zone. Thus, the results of our investigation may not apply to all
epilepsies in a general way. That said, current information has been
based on data with different but significant limitations: most EEG
investigations have used datasets with very few days per patient col-
lected within a hospital environment and often accompanied by
medication withdrawal. Thus, we speculate that for patients with
refractory epilepsy our results likely provide a more realistic repre-
sentation of sleep trends. We also acknowledge that the size of our
patient cohort may not allow for meaningful exploration of the role
of secondary risk factors such as age, sex and epileptogenic zone and
their potential confounding influence on the relationship between
sleep and seizures. However, when we included these variables into
our regression models we did not observe any significant effect or
confounding influence, which is in agreement with the existing sei-
zure diary studies [8,10]. In addition, we did not have access to gold
standard sleep information; our sleep-wake scoring was solely based
on intracranial EEG. That said, it is not realistic to obtain years of con-
tinuous sleep information using polysomnography. The automated
methods used in our investigation have previously been shown to
produce a high classification accuracy of 94% for awake and stages 2
and 3 NREM sleep [22]. Furthermore, using both dog and human data
we have confirmed our methods perform well for REM sleep with an
accuracy of 96% and 95%, respectively (not shown). Altogether, we
show that all sleep categories revealed consistent sleep patterns with
the expected sleep architecture (Figs. 3,4).”

In this investigation, we did not have information about alcohol
consumption, stress, medication compliance, or other similar factors
that can influence sleep and seizure occurrence. Thus, it is possible
that our results were confounded by other seizure promoting factors.
A combined long-term diary and EEG study could help to disentangle
the role of sleep from other influences while maintaining the neces-
sary accuracy of sleep and seizure information.

Funding

This research was supported by Australian National Health and
Medical Research Council Project Grant 1130468, US National Insti-
tutes of Health Grant R01 NS09288203, Czech Technical University in
Prague Grant OHK4-026/21 and Epilepsy Foundation of America
Innovation Institute, My Seizure Gauge.

Contributors

Conceived and designed the work: KD, DP, VK, DF, LK, MC, BB, GW.
Performed the analysis: KD, DP, VK, VG, PN,GW, LL, RB, FM. Wrote the
original draft: KD. Contributed to writing review and editing: KD DP,
VK, MM, LK, MC, AB, DG, BB, WD.

Data sharing

Deidentified recordings of the seizures and some segments of the
data used in this study are publicly available on epilepsyecosystem.
org. Relevant data that supports the findings of this study and the
sleep classifier for each patient can be made available upon reason-
able request by contacting the authors.
Declaration of Interests

KD, LK and DG report grant support from the Australian National
Health and Medical Research Council. VK, BB and GW reports grant
support from the USA National Institutes of Health. VK reports insti-
tutional support from Czech Technical University in Prague and
National Institutes of Health Brain Initiative. BB reports grant support
from the Epilepsy Foundation of America licensed intellectual prop-
erty for equity in Cadence Neuroscience Inc., patents issued and
pending from Mayo Clinic in the field of epilepsy and device supple-
mentation for research purposes by Medtronic Inc. GW reports Mayo
Clinic intellectual property for seizure detection, seizure forecasting,
sleep, cognition, programmable extracellular vesicles and multiscale
electrodes. GW reports royalties from NeuroOne Inc., speaker hono-
raria from Medtronic Inc. and has licensed intellectual property to
NeuroOne Inc. and Cadence Neuroscience Inc. Both GW and the
Mayo Clinic have received equity in NeuroOne Inc. related to the
licensed intellectual property. GW has performed contract research
for Medtronic Inc. WD reports grant support from Eisai Australia and
UCB Pharma Global, travel support from UCB Australia, speaker hono-
raria from Eisai Australia and UCB Pharma Australia, scientific advi-
sory board honoraria from UCB Pharma Australia, Elsai Australia, Liva
Nova, and Tilray as well as equity interest in EpiMinder and KeyLead
Health. MC reports the position of chair of the SEER Medical board
and equity in EpiMinder and SEER Medical. All other authors have no
conflicts to report.
Acknowledgments

IEEGPORTAL and Stata 16.0.
Supplementary materials

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.eclinm.2021.100934.
References

[1] Jain SV, Kothare SV. Sleep and epilepsy [Review] Semin Pediatr Neurol 2015;22
(2):86–92.

[2] Razavi B, Fisher RS. Sleep and epilepsy. Sleep and neurologic disease. Academic
Press; 2017. p. 129–40.

[3] Voges BR, Schmitt FC, Hamel W, et al. Deep brain stimulation of anterior nucleus
thalami disrupts sleep in epilepsy patients. Epilepsia 2015;56:e99–e103.

[4] Placidi F, Scalise A, Marciani M, Romigi A, Diomedi M, Gigli G. Effect of antiepilep-
tic drugs on sleep. Clin Neurophysiol 2000;111(2):S115–S9.

[5] Bazil CW, Castro LHM, Walczak TS. Reduction of rapid eye movement sleep by
diurnal and nocturnal seizures in temporal lobe epilepsy. Arch Neurol
2000;57:363.

[6] Ellingson R, Wilken K, Bennett D. Efficacy of sleep deprivation as an activation
procedure in epilepsy patients. J Clin Neurophysiol Off Publ Am Electroencepha-
logr Soc 1984;1:83–101.

[7] Foldvary-Schaefer N, Grigg-Damberger M. Sleep and epilepsy: what we know,
don't know, and need to know [Review] J Clin Neurophysiol 2006;23:4–20.

[8] Cobabe MM, Sessler DI, Nowacki AS, O'Rourke C, Andrews N, Foldvary-Schaefer N.
Impact of sleep duration on seizure frequency in adults with epilepsy: a sleep
diary study. Epilepsy Behav 2014;43:143–8.

[9] Samsonsen C, Sand T, Bra� then G, Helde G, Brodtkorb E. The impact of sleep loss on
the facilitation of seizures: a prospective case-crossover study. Epilepsy Res
2016;127:260–6.

[10] Haut SR, Hall CB, Masur J, Lipton RB. Seizure occurrence: precipitants and predic-
tion. Neurology 2007;69:1905–10.

[11] Rajna P, Veres J. Correlations between night sleep duration and seizure frequency
in temporal lobe epilepsy. Epilepsia 1993;34:574–9.

[12] Redline S, Kirchner L, Quan S, Gottlieb D, Kapur V, Newman A. The effects of age,
sex, ethnicity, and sleep-disordered breathing on sleep architecture. Arch Intern
Med 2004;164:406–18.

[13] Guilleminault C, Partinen M, Quera-Salva M, Hayes B, Dement W, Nino-Murcia G.
Determinants of daytime sleepiness in obstructive sleep apnea. Chest
1988;94:32–7.

[14] Kumar P, Raju TR. Seizure susceptibility decreases with enhancement of rapid eye
movement sleep. Brain Res 2001;922:299–304.

https://doi.org/10.1016/j.eclinm.2021.100934
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0001
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0001
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0002
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0002
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0003
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0003
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0004
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0004
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0005
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0005
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0005
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0006
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0006
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0006
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0007
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0007
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0008
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0008
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0008
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0009
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0009
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0009
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0009
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0010
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0010
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0011
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0011
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0012
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0012
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0012
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0013
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0013
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0013
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0014
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0014


12 K.L. Dell et al. / EClinicalMedicine 37 (2021) 100934
[15] Placidi F, Zannino S, Albanese M, et al. Increased cortical excitability after selec-
tive REM sleep deprivation in healthy humans: a transcranial magnetic stimula-
tion study. Sleep Med 2013;14:288–92.

[16] Bazil CW, Anderson CT. Sleep structure following status epilepticus. Sleep Med
2001;2:447–9.

[17] Cook MJ, O'Brien TJ, Berkovic SF, et al. Prediction of seizure likelihood with a long-
term, implanted seizure advisory system in patients with drug-resistant epilepsy:
a first-in-man study. Lancet Neurol 2013;12(6):563–71.

[18] Fisher R, Blum D, DiVentura B, et al. Seizure diaries for clinical research and prac-
tice: limitations and future prospects. Epilepsy Behav 2012;24(3):304–10.

[19] Ferlisi M, Shorvon S. Seizure precipitants (triggering factors) in patients with epi-
lepsy. Epilepsy Behav 2014;33:101–5.

[20] Karoly PJ, Freestone DR, Boston R, et al. Interictal spikes and epileptic seizures:
their relationship and underlying rhythmicity. Brain 2016;139:1066–78.

[21] Nejedly P, Kremen V, Sladky V, et al. Exploiting graphoelements and convolu-
tional neural networks with long short term memory for classification of the
human electroencephalogram. Sci Rep 2019;9:1–9.

[22] Kremen V, Brinkmann BJ, Van Gompel J, Stead M, St Louis EK, Worrell G. Auto-
mated unsupervised behavioral state classification using intracranial electrophys-
iology. J Neural Eng 2019;16:1–8.

[23] Nejedly P, Kremen V, Sladky V, Cimbalnik J, Klimes P, Plesinger F, Mivalt F, Travni-
cek V, Viscor I, Pail M, Halamek J, Brinkmann BH, Brazdil M, Jurak P, Worrell G.
Multicenter intracranial EEG dataset for classification of graphoelements and arti-
factual signals. Sci Data 2020;7(1):1–7.
[24] Gerla V, Kremen V, Macas M, et al. Iterative expert-in-the-loop classification of
sleep PSG recordings using a hierarchical clustering. J Neurosci Methods
2019;317:61–70.

[25] Karoly PJ, Goldenholz DM, Freestone DR, et al. Circadian and circaseptan rhythms
in human epilepsy: a retrospective cohort study. Lancet Neurol 2018;17
(11):977–85.

[26] Adams R, Appleton S, Taylor A, et al. Sleep health of Australian adults in 2016:
results of the 2016 Sleep Health Foundation national surey. Sleep Health
2017;3:35–42.

[27] Merica H, Gaillard J. Internal structure of sleep cycles in a healthy population.
Sleep 1986;9(4):502–13.

[28] Rossi K, Joe J, Makhika M, Goldenholz D. Insufficient sleep, electroencephalogram
activation, and seizure risk: re-evaluating the evidence. Ann Neurol 2020;87
(6):798–806.

[29] Baud M, Kleen JK, Mirro EA, et al. Multi-day rhythms modulate seizure risk in epi-
lespy. Nat Commun 2018;9(88):1–10.

[30] Baldy-Moulinier M. Temporal lobe epilepsy and sleep organization. Sleep and epi-
lepsy. Orlando: Academic Press Inc; 1982. p. 347–59.

[31] Besset A. Influence of generalised seizures on sleep organization. Sleep and epi-
lepsy. Orlando: Academic Press Inc; 1982. p. 339–46.

[32] Buxton O, Ellenbogen J, Wang W, et al. Sleep disruption due to hospital noises.
Ann Intern Med 2012;157(3):170–9.

http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0015
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0015
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0015
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0016
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0016
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0017
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0017
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0017
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0018
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0018
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0019
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0019
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0020
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0020
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0021
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0021
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0021
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0022
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0022
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0022
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0023
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0023
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0023
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0023
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0024
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0024
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0024
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0025
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0025
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0025
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0026
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0026
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0026
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0027
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0027
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0028
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0028
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0028
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0029
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0029
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0030
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0030
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0031
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0031
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0032
http://refhub.elsevier.com/S2589-5370(21)00214-5/sbref0032

	Seizure likelihood varies with day-to-day variations in sleep duration in patients with refractory focal epilepsy: A longitudinal electroencephalography investigation
	1. Introduction
	2. Methods
	2.1. Data
	2.2. Sleep-wake scoring
	2.3. Feature extraction
	2.4. Statistical analysis
	2.5. Role of the funding source

	3. Results
	3.1. Overview of sleep and seizure timing
	3.2. Overview of sleep structure
	3.3. The relationship between sleep-wake state and seizure occurrence and duration
	3.4. The relation between seizure probability and the day-to-day variability in sleep duration and composition
	3.5. Sleep duration
	3.6. Sleep composition
	3.7. Sleep duration and composition following seizure occurrence

	4. Discussion
	Funding
	Contributors
	Data sharing
	Declaration of Interests
	Acknowledgments
	Supplementary materials
	References



