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ARTICLE INFO ABSTRACT

Keywords: Objective: The primary objective is to explore what causes slow-wave sleep loss in elderly patients
Slow-wave sleep loss with epilepsy. The secondary objective is to identify the PSG characteristics in elderly patients
Elc!frly with epilepsy. The clinical demographics, sleep architecture, sleep-related events, and interictal
Epilepsy epileptiform discharges are to be evaluated in the objectives.

Polysomnography

Methods: The video electroencephalography (VEEG) and polysomnogram (PSG) data from 44
elderly patients with epilepsy and 52 elderly patients with sleep disorders but without definite
central nervous system diseases were analysed. This was a case-control study. The differences in
the PSG sleep architecture parameters (total sleep time (TST), sleep efficiency, wake after sleep
onset, etc.) and sleep-related events (apnea hypopnea index, oxygen desaturation index (ODI),
periodic limb movement index, etc.) between the epilepsy and control groups. As Additionally,
these parameters were assessed within the elderly patients with epilepsy, comparing the slow-
wave sleep existence and slow-wave sleep loss groups, using VEEG and PSG.

Results: The epileptic group exhibited significantly lower TST (343.477 + 96.3046min vs 389.115
+ 61.5727min, p < 0.05), rapid eye movement (%) (13.011 + 7.5384 vs 16.992 + 6.7025, p <
0.05), non-rapid eye movement stage 3 (%) (1.35[0,7.225] vs 3.65[0.425,13.75], p < 0.05), and
sleep efficiency (%) (69.482 + 14.1771% vs 77.242 + 10.6171%, p < 0.05). Conversely, the ODI
(25.6[9.825,51.775] events/hour vs 16.85[5.3,30.425] events/hour, p < 0.05) and spontaneous
arousal index (4.0455[2.1805,6.9609] events/hour vs 2.9709[1.4747,5.0554] events/hour, p <
0.05) were significantly higher in elderly patients with epilepsy. The prevalence of obstructive
sleep apnea-hypopnea syndrome (OSAHS) was significantly higher in the slow-wave sleep loss
group than in the slow-wave sleep existence group (100% vs 77.8%, p < 0.05). The incidence of
slow-wave sleep loss was lower in patients with epilepsy aged between 75 and 85 years compared
to those aged between 65 and 75 years.

Conclusion: Elderly patients with epilepsy exhibit higher levels of ODI and spontaneous arousal
index. Our findings indicate that OSAHS could be a contributing factor to slow-wave sleep loss in
this population. The incidence of slow-wave sleep loss was lower in patients aged above 75 years
among elderly patients with epilepsy.

Spontaneous arousal index
Oxygen desaturation index
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1. Introduction

Epilepsy is a common nervous system disease affecting approximately 70 million people globally [1]. The prevalence rate of ep-
ilepsy in the Chinese population has more than doubled from 1990 to 2015 [2]. The age of onset in patients with epilepsy exhibits a
"U-shaped" distribution, with a higher incidence in individuals aged <10 years and those aged >50 years [3]. Patients with epilepsy
often suffer from sleep disorders.

Sleep disorders and epilepsy can interact with each other. Sleep deprivation more frequently results in seizures in the case of
generalised epilepsies [4]. In contrast, the relationship between insufficient sleep and seizure risk of focal epilepsy is not clear, based
on a previous systematic review [5]. Nevertheless, a recent study in focal epilepsy suggests that increasing sleep duration by 1.6 h may
decrease the risk of seizure occurrence by 27% in the following 48 h [6]. On the other hand, the systematic review by Sudbrack et al.
[7] reported that epilepsy is associated with changes in sleep, but not all patients complain of poor sleep quality due to sleep
misperception in patients with epilepsy [8]. Therefore, objective polysomnogram (PSG) testing in patients with epilepsy is important.
Patients with epilepsy are more prone to insomnia, sleep fragmentation, post-arousal fatigue, and parasomnia [9,10]. Therefore, there
is a need to identify sleep disorders in patients with epilepsy to improve their sleep quality and reduce the frequency of epileptic
seizures.

Epilepsy is closely related to non-rapid eye movement (NREM) sleep, and both experimental and clinical evidence have demon-
strated that many types of epileptic seizures tend to occur during the slow-wave sleep phase [11]. Steriade et al. suggested that the
slow-wave oscillations during slow-wave sleep can develop into spike waves, potentially leading to epileptic seizures and absence
seizures in Lennox-Gastaut syndrome [12]. Yeh et al. conducted a meta-analysis to explore sleep macrostructure in PSG among adult
patients with epilepsy and healthy controls. They found that adult patients with generalised epilepsy have increased slow-wave sleep
(NREM stage 3 (N3)) [13]. However, there has been limited research on the PSG characteristics of sleep architecture and sleep-related
events in elderly patients with epilepsy. While seizures are typically unpredictable and rare, electrical recordings from individuals with
epilepsy often display interictal epileptiform discharges (IEDs) between seizures [14]. IEDs are most active during NREM sleep, with
the highest rates during slow-wave sleep and are least likely to occur during rapid eye movement (REM) sleep [15]. Despite this close
association between IEDs and sleep, reports on the effects of IEDs on sleep architecture and sleep-related events are rare. Furthermore,
IEDs have been implicated in the development of cognitive deficits [16]. Research conducted in rat models of temporal lobe epilepsy
have revealed that IEDs compete with physiological ripples and disrupt communication between the hippocampus and the medial
prefrontal cortex during NREM sleep, thereby impairing memory consolidation [17]. However, slow-wave sleep, which is closely
associated with IEDs (IED rates were highest in the slow-wave sleep) exerts an inverse impact on cognitive function. Slow-wave sleep
causally enhances cognitive function in older adults and individuals with mild cognitive impairment [18]. Studies have also indicated
[19] that the loss of slow-wave sleep may accelerate brain aging and mild brain injury. Conversely, accelerating brain aging and mild
brain injury can reduce the brain’s ability to generate slow-wave sleep, eventually leading to poor cognitive function in elderly patients
with epilepsy. The critical question arises: what causes slow-wave sleep loss, IED, or other aspects of sleep architecture and sleep
related events? Our study aims to address this question, establishing an electrophysiological foundation for future investigations into
the association between epilepsy and cognitive impairment. Furthermore, it provides preliminary insights into strategies for enhancing
slow-wave sleep.

In this study, the primary objective is to identify potential influencing factors leading to slow-wave sleep loss in elderly patients
with epilepsy, the sleep architecture, sleep-related events, and IED index in elderly patients with epilepsy and slow-wave sleep loss are
to be identified in this objective. The secondary objective of our study is to explore the PSG characteristics in elderly patients with
epilepsy, the clinical demographics, the sleep architecture, and sleep-related events in elderly patients with epilepsy are to be iden-
tified in this objective. So, we compared the clinical demographic, and sleep architecture characteristics between elderly patients with
epilepsy and IEDs and those presenting with sleep disorders but without definite central nervous system diseases. In addition, we
compared the sleep architecture and sleep-related events in elderly patients with epilepsy with or without slow-wave sleep loss to
identify potential influencing factors leading to slow-wave sleep loss in patients with epilepsy.

2. Materials and methods
2.1. Data acquisition and evaluation criteria

This was a case-control study conducted at the Department of Neurology and Sleep Medicine Centre of Fujian Provincial
Governmental Hospital from March 2018 to September 2022. The study protocol was approved by the Institutional Ethics Committee.
Written informed consent was obtained from all study subjects. Patients attending the outpatient or inpatient departments of Fujian
Provincial Governmental Hospital were recruited for this study as part of epilepsy group if they fulfilled the following inclusion
criteria: (1) Age >65 years; (2) a confirmed diagnosis of epilepsy based on the 2017 diagnostic criteria for epilepsy established by the
International League Against Epilepsy [20]; and (3) detection of IEDs during overnight PSG monitoring, characterised by the typical
epileptic waveform, including sharp, spiked, or spiked-sharp-slow wave complexes. Exclusion criteria included: (1) Consumption of
alcohol, coffee, or drugs affecting sleep (except antiepileptic drugs (AEDs)) within the last 2 weeks; (2) presence of mental disorders,
circulatory disorders, or other diseases affecting sleep; (3) inability to cooperate with the examination; (4) experience of epileptic
seizures during PSG monitoring; and/or (5) diagnosis of a specific epilepsy syndrome. Within the epilepsy group, patients were further
divided into two subgroups: the slow-wave sleep existence group (comprising patients with slow-wave sleep) and the slow-wave sleep
loss group (comprising patients with no slow-wave sleep). A control group was also recruited, consisting of patients with sleep
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disorders but without definite central nervous system diseases from the outpatient or inpatient departments of the Fujian Provincial
Governmental Hospital during the same period. Exclusion criteria for controls included: (1) Consumption of alcohol, coffee, or drugs
affecting sleep within the last 2 weeks; (2) presence of mental disorders, circulatory disorders, or other diseases affecting sleep; and/or
(3) inability to cooperate with the examination. Controls were recruited from the Department of Neurology and Sleep Medicine Center
of Fujian Provincial Governmental Hospital after seeking medical attention. The number of healthy controls fell short of the required
sample size, thus precluding the inclusion of a healthy control group.

2.2. Instruments

Continuous overnight synchronous monitoring of nocturnal sleep architecture and sleep-related events was conducted on both the
epilepsy and control groups using a 16-channel video electroencephalography (VEEG) and PSG.

Montage PSG was performed with the Philips Alice 6 LDxS (Philips, Pennsylvania, USA) using the following montage: 16 elec-
troencephalogram (EEG) channels (Fpl, Fp2, F7, F3, F4, F8, T3, C3, C4, T4, T5, P3, P4, T6, O1, 02, 200 Hz, filter: low-pass 0.3 Hz,
high-pass 35 Hz), two electro-oculogram (EOG) channels (1 cm below and 1 cm lateral of the outer right canthus as well as 1 cm above
and 1 cm lateral of the outer left outer canthus, 200 Hz, filter: low-pass 0.3 Hz, high-pass 35 Hz), 3 electromyogram (EMG) channels
(Chin, left leg, and right leg, 200 Hz, filter: low-pass 10 Hz, high-pass 100 Hz), 6 electrocardiogram (ECG) channels (ECG1, ECG2, III,
aVR, aVL, aVF, 200 Hz, filter: low-pass 0.3 Hz, high-pass 70 Hz), a snoring channel (microphone, 500 Hz, filter: low-pass 10 Hz, high-
pass 100 Hz), oronasal airflow (200 Hz, filter: low-pass 0.03 Hz, high-pass 100 Hz), thoracic and abdominal respiratory effort channels
(inductance plethysmography belt, 200 Hz, filter: low-pass 0.1 Hz, high-pass 15 Hz), finger photoplethysmography (non-dominant
arm, 200 Hz), and body position (recorded every 30 s).

Sleep parameters were calculated using the Sleepware G3 software (Philips, Pennsylvania, USA) (Table 1). An A/D conversion
amplifier with an amplification factor of 12 was used to process the signal.

2.3. Measurements

All participants were instructed to discontinue the use of drugs that might affect sleep (except AEDs used by patients with epilepsy)
for two weeks before the examination. Participants were also familiarised with the sleep monitoring environment, examination
purpose, and techniques to relieve tension. During the examinations, electrodes were positioned, and the impedance of the electrodes
wasverified. Analysis of PSG data was conducted in 30 s epochs by two trained, independent, and blinded raters, according to the
guidelines outlined in the American Academy of Sleep Medicine (AASM) Manual for the Scoring of Sleep and Associated Events: Rules,
Terminology, and Technical Specifications version 2.3 [21]. In cases where sleep efficiency differed by < 5% between raters, the mean
of each quantitative sleep parameter from both raters was used for analysis. In cases where sleep efficiency differed by > 5% between
raters, a consensus scoring was reached through evaluation by a third rater who was blinded to allocation and previous ratings.
Inter-rater reliability, determined by intraclass correlation, based on the scoring of the first two raters was provided for the primary
outcome. The presence or absence of epileptic seizures and related behaviours during sleep were monitored by synchronous infrared
video recording. The presence or absence of epileptic seizures or IEDs during sleep in VEEG was evaluated by manual analysis in 10 s
epochs. Both VEEG and PSG data were reviewed by the same investigator. Sleep status was scored according to the AASM Manual for
the Scoring of Sleep and Associated Events: Rules, Terminology, and Technical Specifications version 2.3 [21].

2.4. Assessment of sleep-related events

Respiration-related events were determined by oronasal airflow, thoracoabdominal respiration, thermal sensor, and index finger

Table 1
Sleep parameters.
Sleep parameter Definition
Time in bed (TIB) Time in bed between the lights-off and lights-on markers

Sleep latency
Total sleep time (TST)

N1%

N2 %

N3 %

REM%

Sleep efficiency

Wake after sleep onset (WASO)

Arousal index

Respiration arousal index
Leg movement arousal index
Spontaneous arousal index

Time between lights-off marker and first epoch of any sleep stage

Time asleep (in any sleep stage) within TIB (min)

TST = NREM sleep stage 1 (N1) + NREM sleep stage 2 (N2) + N3 + REM

Stage 1 (in minutes and % TST)

Stage 2 (in minutes and % TST)

Stage 3 (in minutes and % TST)

Rapid eye movement (in minutes and % TST)

Percentage of sleep while in bed (%)

SE = (TST/TIB) x 100

Time awake after first sleep episode (min)

WASO = TIB - Sleep latency - TST

Arousal index = Times of arousal/TST (h)

Respiration arousal index = Times of arousal (caused by respiration events)/TST (h)
Leg movement arousal index = Times of arousal (caused by leg movement)/TST (h)
Spontaneous arousal index = Times of arousal (unknown cause)/TST (h)
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oxygen saturation.

Periodic limb movement disorder (PLMD) and REM sleep disorder were determined by EEG, submental EMG, and leg movement.
Sleep status scoring used a 30 s/frame time window, while EEG analysis used a 10 s/frame time window.

The onset of respiration-related events such as apnea, hypopnea, obstructive apnea, central apnea, and mixed apnea during sleep
was determined according to the following criteria: apnea was defined as a minimum of a 90% decrease in the peak of the thermal
sensor signal from the pre-event baseline for at least 10 s; hypopnea was defined as a minimum of a 30% decrease in the peak res-
piratory airflow signal from baseline for at least 10 s and a decrease in oxygen saturation of at least 3% from the pre-event baseline or
following an arousal event; obstructive apnea was defined as a sustained or gradually increased inspiratory effort throughout sleep due
to a loss of airflow; Conversely, central apnea was defined as the absence of an inspiratory effort throughout sleep following the loss of
airflow; and mixed apnea was confirmed if the inspiratory effort was initially absent throughout the loss of airflow but became present
later in the event. The apnea hypopnea index (AHI) was calculated by counting the total number of apnea and hypopnea episodes per
hour during one overnight sleep. A diagnosis of obstructive sleep apnea-hypopnea syndrome (OSAHS) was established if there were 30
more repeated attacks of obstructive apnea and hypopnea during a 7-h sleep every night or an AHI of more than 5 times per hour.

The criteria for PLMD were as follows: an adult periodic limb movement index (PLMI) during sleep exceeding 15 times/h, resulting
in significant sleep disturbance; psychological, physical, social, occupational, educational, or behavioural dysfunction; or other
important functional impairment. Moreover, the presence of other sleep disorders, medical or neurological diseases, or psychiatric
disorders that could cause these symptoms was excluded [21].

The criteria for REM sleep behaviour disorder (RBD) [21] included recurrent sleep-related vocalizations and complex movements;
abnormal behaviour in REM sleep, either confirmed by PSG or inferred based on dream enactment history; REM sleep without atonia
(RWA); and the absence of other sleep or psychiatric disorder, as well as drug and substance use, that could explain these symptoms.
RWA was defined as meeting the criteria for REM sleep were EEG and EOG, but with achalasia in the submental or anterior fibular
EMG. These EMG activities were classified as either tonic or temporal activities. Tonic activity occurred when at least 50% of the
submental EMG amplitude per frame (30 s) was higher than the minimum amplitude during NREM sleep time. The temporal activity
was determined by dividing each frame (30 s) of the REM sleep into 10 smaller frames (3 s). Temporal activity was considered present
if at least 5 of the 10 frames presented an EMG burst with transient activity for about 0.1-5 s, and the EMG amplitude was at least 4
times higher than the background activity.

2.5. Statistical analysis

The statistical package for the social sciences software (SPSS) version 26.0 was used to analyse the data. Differences in PSG and
VEEG parameters were compared between the epilepsy and control groups, as well as between the slow-wave sleep existence group
and slow-wave sleep loss groups. All continuous variables were tested for normality using Levene’s test for homogeneity of variance.
The t-test was used to compare variables with homogeneity of variance, while the rank sum test was used to compare variables with a
significantly abnormal distribution and heterogeneity of variance. Binary logistic regression analysis was conducted to identify po-
tential influencing factors for slow-wave sleep loss. The Chi-squared (x?) test was used to compare categorical variables. For all sta-
tistical tests, a p-value below 0.05 was considered statistically significant.

Table 2
Comparison of demographic and clinical data between the epilepsy group and control group.
Epilepsy group(n = 44) Control group(n = 52) Z/t/X2 P
Age(years) 77(68.25,83] 72[66.25,76.75] —1.863 0.062
BMI(kg/m) 23.25[21.1,24.8] 23.3[21.125,26.15] -0.173 0.863
Gender 1.336 0.248
Male 28 (63.6) 27 (51.9)
Female 16 (36.4) 25 (48.1)
Comorbidities hypertension 20 (45.5) 27 (51.9) 0.399 0.528
Comorbidities diabetes 10 (22.7) 7 (13.5) 0.518 0.472
Etiology
Structural 7 (15.9)
Genetic 1(2.3)
Infectious 0 (0)
Metabolic 1(2.3)
Immune 0 (0)
Unknown 35 (79.5)
Epilepsy types
Focal(temporal) 5(11.4)
Focal(extra-temporal) 23 (52.3)
Generalised 4(9.1)
Unknown 12 (27.2)

BMI: body mass index; N, number; Statistics presented as median [P25, P75] or N (%).
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3. Results
3.1. Characteristics of the participants

Among the 44 elderly patients with epilepsy included in the study, 28 were males (63.6%), and 16 were females (36.4%). The mean
age of the patients was 77 [68.25, 83] years, and the mean disease duration was 0.5 [0.04, 2] years. The majority (n = 28, 63.6%) of the
patients were diagnosed with focal epilepsy, four cases (9.1%) had generalised epilepsy, and 12 cases (27.3%) had epilepsy of un-
known origin. Eight patients used AEDs but did not use sedatives, hypnotics, or other stimulant drugs. Among the eight patients treated
with AEDs, six were receiving monotherapy, including oxcarbazepine (n = 3), levetiracetam (n = 1), or carbamazepine (n = 1), and
two patients were receiving combination of therapies, including topiramate with clonazepam (n = 1) or valproate sodium with
gabapentin (n = 1).

In the control group, 27 were males (51.9%), and 25 were females (48.1%). The mean age of the control group was 72 [66.25,
76.75] years. None of these patients used sedatives, hypnotics, or other drugs that affect sleep.

There were no statistically significant differences in age, gender, body mass index (BMI), and comorbidities (hypertension and
diabetes) between the elderly patients with epilepsy and those without epilepsy (p > 0.05). The clinical and demographic charac-
teristics of the participants are summarized in Table 2.

3.2. Comparison of sleep architecture and sleep-related events between the epilepsy and control groups

When compared to individuals in the control group, the elderly patients with epilepsy exhibited significantly lower TST, REM
percentage (%), N3 percentage (%), and sleep efficiency. Conversely, the oxygen desaturation index (ODI) and spontaneous arousal
index were significantly higher in the epilepsy group. The remaining PSG parameters and sleep-related events (OSAHS, PLMD, and
RBD) did not differ significantly between the two groups (Table 3).

3.3. Comparison of clinical and demographic information, sleep architecture, and sleep-related events between the slow-wave sleep loss and
slow-wave sleep existence groups in the elderly patients with epilepsy

No statistically significant differences were found in the demographic and clinical data between the slow-wave sleep loss and slow-
wave sleep existence groups in the elderly patients with epilepsy (Table 4).

However, the slow-wave sleep loss group exhibited a significantly higher N1 percentage (%) and lower REM percentage (%). The
prevalence of OSAHS was significantly higher in the slow-wave sleep loss group than in the slow-wave sleep existence group. No
statistically significant differences were found in the other sleep architectures and sleep-related events between the two groups

(Table 5).

Table 3
Comparison of the PSG parameters and sleep-related events between the epilepsy and control groups.
Epilepsy group(n = 44) Control group(n = 52) Z/t P

Sleep latency (min) 15.750([7,20.875] 14.250[5.625,24.375] —0.114 0.909
N1% 20.2[13.1,27.875] 15.2[11.325,24.6] —1.894 0.058
N1 duration (min) 61.750[45.125, 100.500] 61.500[44.750, 92.750] —0.500 0.617
N2 % 58.552 + 11.6414 58.046 + 10.1673 —0.227 0.821
N2 duration (min) 202.125 + 74.0756 226.144 £ 53.1722 —1.844 0.068
N3 % 1.35[0,7.225] 3.65[0.425,13.75] —2.039 0.041**
N3 duration (min) 3.5[0, 29.0] 15.000[1.625, 46.625] —2.069 0.039**
REM% 13.011 + 7.5384 16.992 £ 6.7025 2.738 0.007*
REM sleep duration (min) 45.000[19.500, 62.375] 65.500[48.375, 83.000] —3.651 0.0001**
TST (min) 343.477 + 96.3046 389.115 + 61.5727 2.71 0.008*
Sleep efficiency (%) 69.482 + 14.1771 77.242 + 10.6171 2.99 0.004*
WASO (min) 131.25[95.25,227.875] 119.5[76.75,155.125] —1.647 0.1
Arousal index (events/hour) 13.95[7.4,18.65] 10.85[6.2,15.75] —1.504 0.133
Respiration arousal index (events/hour) 0.5124[0.1822,1.5257] 0.8197[0.2107,1.5683] —1.001 0.317
Leg movement arousal index (events/hour) 2.0814[0.8216.3.6689] 2.0160[1.1635,2.9906] -0.331 0.741
Spontaneous arousal index (events/hour) 4.0455[2.1805,6.9609] 2.9709[1.4747,5.0554] —2.25 0.024**
OSAHS 38 (86.4) 43 (82.7) 0.244 0.622
AHI (events/hour) 24.85[8.075,45.875] 18.4[6.875,27.7] —1.875 0.061
Mean oxygen saturation (%) 94[92,94] 94[93,95] —-1.125 0.26
ODI (events/hour) 25.6[9.825,51.775] 16.85[5.3,30.425] —-1.971 0.049**
PLMD 18 (40.9) 26 (50) 0.793 0.373
PLMI (events/hour) 9.9(0,26.5] 13.4[4.05,36.025] —-1.72 0.085
RBD 5(11.4) 7 (13.5) 0.096 0.757

*t-test: p < 0.05, **Mann-Whitney U rank sum test: p < 0.05. SD: standard deviation; PSG: polysomnography, N1: NREM sleep stage 1, N2: NREM
sleep stage 2, N3: NREM sleep stage 3, REM: rapid eye movement, OSAHS: obstructive sleep apnea-hypopnea syndrome, PLMD: periodic limb
movement disorder, RBD: rapid eye movement sleep behavior disorder. Statistics presented as mean + SD, median [P25, P75] or N (%).
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Table 4
Comparison of demographic and clinical data between the slow-wave sleep existence and the slow-wave sleep loss groups in the elderly patients with

epilepsy.

Slow-wave sleep loss group(n = 17) Slow-wave sleep existence group(n = 27) Z/t/X2 P

Duration (years) 0.5[0.03,4] 1[0.04,2] —0.473 0.636
BMI 22.9[21.4,25.25] 23.6[20.8,24.8] —0.422 0.673
Age 76.29 + 9.299 76.33 £ 7.54 —0.015 0.988
Gender 1.972 0.160
Male 13 (76.5) 15 (55.6)

Female 4(23.5) 12 (44.9)

Comorbidities hypertension 10 (58.8) 10 (37) 1.997 0.158
Comorbidities diabetes 2(11.8) 8(29.6) 1.896 0.169
Taking AEDs 4(23.5) 4(14.8) 0.522 0.470
Types of AEDs 1.063 0.588
0 13 (76.5) 23 (85.2)

1 3(17.6) 2074

2 1(5.9) 2(7.4)

Statistics presented as mean + SD, median [P25, P75] or N (%).

Table 5
Comparison of the sleep parameters between the slow-wave sleep existence and slow-wave sleep loss groups in the elderly patients with epilepsy.
Slow-wave sleep loss group (n = 17) Slow-wave sleep existence group (n = 27) Z/t P
Sleep latency (min) 13[6,24.25] 16 [,7, 21] —0.398 0.691

N1 % 27.2[17.75,41.15] 18.6[12.3,24] —2.519 0.012%*
N1 duration (min) 93.618 + 61.8652 66.074 + 29.6786 1.716 0.101
N2 % 59.6 + 13.5142 57.893 + 10.5154 0.469 0.641
N2 duration (min) 192.059 + 96.0490 208.463 + 57.3570 —0.636 0.531
REM % 10.182 + 7.4725 14.793 +£7.148 —2.047 0.047*
REM sleep duration (min) 36.50[7.25, 48.75] 50([34, 68] —2.338 0.019**
TST (min) 317.794 £ 117.204 359.648 + 78.6287 —1.42 0.163
Sleep efficiency (%) 67.1[58.7,75.75] 76.9[63.7,82.1] —1.482 0.138
WASO (min) 142.5[91,235.25] 109.5[95,207.5] —0.518 0.604
Arousal index (events/hour) 18.1[7.15,28.15] 12.2[7.3,17.1] -1.723 0.085
Respiration arousal index (events/hour) 1.0676[0.2346,1.8214] 0.4225[0.1727,1.0330] —-1.351 0.177
Leg movement arousal index (events/hour) 2.1270[0.7985,4.8830] 2.0357[0.9549,3.6052] -0.301 0.763
Spontaneous arousal index (events/hour) 3.5722[1.9684,7.2025] 4.4860[2.3841,6.9704] —0.518 0.604
OSAHS 4.374 0.036%**
without(AHI < 5 events/hour) 0 (0) 6 (22.2)

with(AHI>5 events/hour) 17 (100) 21 (77.8)

AHI (events/hour) 36.2[9.25,61.15] 22[6.4,39.6] -1.29 0.197
Mean oxygen saturation (%) 93[92,94] 94[92,95] —0.555 0.579
ODI (events/hour) 29[10.6,60.35] 21.6[8.2,46.8] -1 0.317
PLMD 8 (47.1) 10 (37) 0.433 0.510
PLMI (events/hour) 9.3[0,54.2] 10[0.9,18.3] —0.511 0.609
RBD 2(11.8) 3(11.1) 0.004 0.947
IED index 0.97[0.17, 7.57] 1.04[0.17, 3.98] —0.301 0.763

*t-test: p < 0.05, **Mann-Whitney U rank sum test: p < 0.05, ***y? test: p < 0.05 Statistics presented as mean + SD, median [P25, P75] or N (%).

3.4. Impact of gender, age, PLMD, mean oxygen saturation, and OSAHS on the incidence of slow-wave sleep loss within patients in the
epilepsy group

We included gender, age, PLMD, mean oxygen saturation and OSAHS to construct a multifactor logistic regression analysis. Patients
with epilepsy aged between 75 and 85 years had a significantly lower incidence of slow-wave sleep loss than those aged between 65
and 75 years (OR: 0.113, 95%CI 0.016-0.791, P = 0.028, Table 6).

4. Discussion

Epilepsy is closely associated with NREM sleep. During NREM sleep, neurons in the brain stem, thalamus, and cortex discharge
synchronously, generating IEDs. These IEDs cause repeated arousals and sleep fragmentation, leading to intermittent daytime
sleepiness and potentially triggering epileptic seizures and epileptiform discharges, thus forming a vicious cycle [22]. N3, which is an
important component of NREM sleep, occupies a larger proportion of sleep time compared to REM sleep [23]. However, the effects of
IEDs on sleep architecture and sleep-related events in the elderly, as well as the influencing factors for slow-wave sleep loss in elderly
patients with epilepsy, have rarely been reported.

As reported in the literature, children with epilepsy have a significantly longer N2 percentage and decreased sleep efficiency [24],



S. Wang et al. Heliyon 10 (2024) 25904

Table 6
Logistic regression analysis evaluating the impact of gender, age, PLMD, mean oxygen saturation, and OSAHS on the incidence of
slow-wave sleep loss in the epilepsy group.

OR 95%CIL P

Gender

Male 1

Female 0.337 0.063-1.82 0.206

Age

65-75 years old 1

75-85 years old 0.113 0.016-0.791 0.028*

85-95 years old 2.228 0.357-13.898 0.391

PLMD

without 1

with 2.055 0.438-9.635 0.361

mean oxygen saturation

85-90% 1

90-95% 0.613 0.025-15.063 0.764

95-100% 0.371 0.012-11.697 0.573

OSAHS

without 1

with 2.31 0.461-11.583 0.309
*p < 0.05.

while adults with nocturnal frontal lobe epilepsy have increased WASO [7] and shorter REM sleep [25]. In this study, the results
showed that elderly patients with epilepsy had decreased TST, REM percentage (%), N3 percentage (%), and sleep efficiency, with the
N3 percentage (%) differing from previous findings. Previous studies have shown that poor sleep quality and daytime sleepiness in
patients with nocturnal frontal lobe epilepsy can trigger epileptic seizures and IEDs [26]. Interictal epileptiform activity in juvenile
myoclonic epilepsy may increase arousal duration and sleep onset latency, and decrease sleep efficiency [27]. Based on the results of
our study, we speculate that IEDs were the key factor leading to decreased TST and sleep efficiency in patients with epilepsy. Yeh et al.
[13] found that adult patients with epilepsy exhibit increased slow-wave sleep; however, their investigation was limited to generalised
epilepsy, whereas our study only included four (9.1%) patients with generalised epilepsy. Other studies have attributed the reduction
in N3 to antiepileptic therapies [28], the cognitive status of the child [29], or the first night effect [30]. The majority of these studies
focused on drug-resistant epilepsy or epilepsy in individuals below the elderly age group. However, our study focused on the elderly
individuals with epilepsy, and there is currently no existing literature demonstrating a reduction in N3 (slow-wave sleep) among this
population. We speculate that the reduction in N3 observed in this study may potentially be attributed to IEDs. IEDs are closely
associated with pathological high-frequency oscillations (HFOs), which jointly influence changes in slow-wave sleep. Previous studies
[15,31] reported that the incidence rates of IEDs and HFOs are highest during slow-wave sleep, leading to frequent arousal of patients
with epilepsy during this sleep stage. As a result, the duration of slow-wave sleep time gradually shortens, and the time spent in REM
sleep is reduced, ultimately altering the sleep architecture of elderly patients with epilepsy. Interestingly, no statistically significant
differences were found in the IED index between the slow-wave sleep loss and slow-wave sleep existence groups in the elderly patients
with epilepsy. We speculate that this lack of difference is due to the diminishing influence of IEDs on slow-wave sleep with increasing
age [32]. Furthermore, our study found that the spontaneous microarousal index was higher in elderly patients with epilepsy
compared with the control group. However, the relationship between this parameter and epilepsy is rarely reported in the literature.
The spontaneous microarousal index has been associated with disrupted sleep continuity and sleep fragmentation in previous studies
[33], as well as heightened autonomic nerve excitability after accounting for the influence of respiration, snoring, and leg movement
[34]. Patients with epilepsy often experience potential autonomic dysfunction and epileptic seizures, which can spread to autonomic
nerve control center, such as specific areas of the brain stem and subcallosal areas, resulting in acute heart and respiratory problems
[35]. Recent studies have shown that epilepsy can damage the autonomic nerve during the ictal, interictal, and post-ictal phases [36,
371, with this nerve damage being associated with sudden death in patients with epilepsy. Gloor et al. demonstrated in feline models
that intramuscular injection of penicillin induced spike discharges from spindle rhythms in NREM sleep, leading to relative neuronal
synchronisation and the promotion of epileptic seizures [38]. It has also been proven among patients with epilepsy that IEDs are
activated to the maximum extent during slow-wave sleep but decline during REM sleep [39]. Recently, Malow et al. [40] suggested
that NREM sleep initiation and maintenance contribute more to partial epileptic seizures than REM sleep and arousal-related pro-
cesses. However, most existing studies are limited to temporal lobe epilepsy. In our study, the elderly epilepsy group experienced a
decreased percentage of sleep loss (39%) during slow-wave sleep compared to the control group. It is speculated that the increase in the
spontaneous microarousal index in elderly patients with epilepsy may be related to slow-wave sleep and nocturnal IEDs. Nevertheless,
further research is required to confirm these associations.

There is a strong correlation between OSAHS and epilepsy. A recent meta-analysis reported a prevalence rate of mild to severe
OSAHS in adult patients with epilepsy of 33.4% (95%CI: 20.8-46.1%), and it found that adult patients with epilepsy are more sus-
ceptible to OSAHS than healthy controls (OR = 2.36, 95%CI: 1.33-4.18) [41]. In our study, although the incidence of OSAHS and AHI
did not differ significantly between the elderly epilepsy and control groups, the ODI in the elderly epilepsy group was higher than that
in the control group. One possible explanation for this could be that all the elderly patients enrolled in our study had IED during PSG,
whereas those with epileptic seizures in PSG were excluded. Previous studies have shown that epileptic patients with obstructive sleep
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apnea (OSA) tend to have poorly controlled epileptic seizures and are more prone to experiencing recurrent seizures [42]. Extensive
and frequent IEDs can affect upper airway control during sleep [43], potentially increasing ODI. Through PSG, Natasa et al. [44]
observed a significant decline in nocturnal oxygen saturation among 31 children with refractory epileptic encephalopathy and
nocturnal IED, suggesting that IED may contribute to an increase in ODI. Nocturnal hypoxia resulting from increased ODI has a sig-
nificant impact on the elderly. Through neuroimaging, Scullin et al. [45] found that increased nocturnal hypoxia in the elderly is
associated with cortical thinning in the frontal region, which is related to slow-wave generation in the frontoparietal network asso-
ciated with cognitive control. Additionally, in a study of 167 elderly individuals, Gelber et al. [46] compared PSG results before death
with those of brain injury tests after death and found that those with reduced nocturnal oxygen saturation and slow-wave sleep were
more likely to suffer from microinfarctions and brain atrophy. Research conducted in a northern Taiwanese population revealed an
association between repetitive respiratory events with hypoxia and spontaneous arousal and cognitive dysfunction [47]. Hypoxemia
can also contribute to reduced attention-executive function and verbal memory in patients with epilepsy [48]. The interaction between
increased ODI, spontaneous arousal index, and slow-wave sleep loss in elderly patients with epilepsy contributes to brain aging and
cognitive decline.

Slow-wave sleep is influenced by a variety of factors, but the specific factors contributing to slow-wave sleep loss in elderly patients
with epilepsy have been rarely studied. A meta-analysis conducted by Ohayon et al. [49] showed that as individuals age, their sleep
becomes more unstable, slow-wave sleep time gradually decreases, and the duration of N1 and N2 sleep stages increases. So, the
increasing age may cause the slow-wave sleep loss in elderly patients with epilepsy. In our study, we did not observe a statistically
significant relationship between the incidence of slow-wave sleep loss and age in elderly patients with epilepsy. This lack of correlation
might be because our study exclusively included elderly patients with epilepsy. Furthermore, epilepsy and OSAHS often coexist [50],
especially in the elderly [51]. In our study, the prevalence of OSAHS differed between the slow-wave existence sleep and slow-wave
sleep loss groups in elderly patients with epilepsy. Previous studies have reported that recurrent apnea in patients with OSAHS leads to
a reduction in slow-wave sleep and increased sleep fragmentation [52], ultimately resulting in slow-wave sleep loss. According to
research by Miano et al. [53], the negative impact of chronic intermittent hypoxia caused by OSAHS increases the risk of IED, which is
another potential contributor to slow-wave sleep loss. So, OSAHS may cause the slow-wave sleep loss in elderly patients with epilepsy.

There is a comorbid association between epilepsy and PLMD. Previous studies have indicated that [54,55] patients with epilepsy
tend to experience increased periodic limb movements (PLMS) and significantly increased PLMI. However, these studies did not
specifically investigate elderly patients with epilepsy. PLMD is known to affect approximately 45% of individuals aged above 65 years
[56], and is caused by degeneration of the striatal dopaminergic system. The severity of PLMS is closely related to the degree of
dopaminergic activity reduction. However, patients with epilepsy exhibit heightened dopaminergic activity in the brain due to
recurrent epileptic seizures, which may appear contradictory to the observed increase in PLMI. Nevertheless, our study did not identify
a statistically significant difference in PLMI between elderly epilepsy and control groups. This lack of significant difference could be
due to the fact that dopaminergic activity in the brain is not necessarily higher in the interictal phase compared to the ictal phase.
Currently, the factors influencing PLMD in elderly patients with epilepsy remain unknown and lack clinical evidence. Hardy et al.
found that patients with PLMD present with decreased slow-wave sleep in comparison to good sleeper controls [57]. So, PLMD may
cause the slow-wave sleep loss in elderly patients with epilepsy. Furthermore, several studies have shown that slow-wave sleep is
related to age and gender. Moraes et al. [58] reported a significant decline in the percentage of slow-wave sleep with increasing age,
with this decline being more pronounced in men. Conversely, Voderholzer et al. found no difference in slow-wave sleep duration
between women and men [59]. So, gender may cause the slow-wave sleep loss in elderly patients with epilepsy. Recurrent apnea
episodes in patients with epilepsy and OSAHS results in a continual decrease in mean oxygen saturation [52]. So, mean oxygen
saturation may be a more sensitive influencing factor for slow-wave sleep loss in elderly patients with epilepsy.

Overall, factors such as age, OSAHS, PLMD, gender, and mean oxygen saturation are associated with slow-wave sleep. Therefore, in
this study, we further explored the relationships between slow-wave sleep loss and age, OSAHS, PLMD, gender, and mean oxygen
saturation. Our findings indicate that the probability of slow-wave sleep loss in patients with epilepsy aged between 75 and 85 years
(15 cases) was lower compared to patients aged between 65 and 75 years (19 cases). This finding contrasts with previous studies that
have shown a gradual decrease in slow-wave sleep with age in healthy individuals. Aanestad et al. [32] screened 10,547 patients via
PSG and observed that the morphological characteristics of IEDs decreased with advancing age, resulting in lower amplitudes that
were more laterally distributed. These findings suggest that as individuals age, the influence of IED on slow-wave sleep in patients with
epilepsy gradually decreases, leading to a reduced likelihood of experiencing slow-wave sleep loss. However, it is important to note
that our study had a relatively small sample size, which limited the statistical analysis of this association. In addition, we observed no
statistically significant difference in the probability of slow-wave sleep loss between patients aged 85-95 years and those aged 65-75
years, which may be attributed to the limited number of patients aged 85-95 years (10 cases). For future research, the sample size
should be further expanded to enable investigation of the correlation between slow-wave sleep loss and age in elderly patients with
epilepsy.

In this study, only eight patients in the epilepsy group were undergoing treatment with AED drugs, namely, phenytoin sodium,
carbamazepine, oxcarbazepine, valproate sodium, levetiracetam, topiramate, clonazepam, and gabapentin. Liguori et al. [60]
reviewed the literature on the relationship between AEDs and sleep, and concluded that oxcarbazepine, carbamazepine, and leve-
tiracetam have no impact on sleep, whereas clonazepam can cause daytime sleepiness, and valproate sodium can alter sleep. However,
none of these AEDs were found to decrease the duration of slow-wave sleep. Other studies have reported that gabapentin can increase
the duration of slow-wave sleep [61]. The effects of phenytoin sodium on the duration of slow-wave sleep remains controversial.
Although Benjamin et al. [61] found that phenytoin sodium could potentially shorten the duration of slow-wave sleep in patients with
epilepsy, it is essential to note that this study lacked a matched control group of patients of similar age for comparison. Currently, the
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effect of topiramate on sleep architecture remains relatively unexplored in the existing literature. It is plausible that AEDs may have
had minor impacts on sleep architecture. However, due to the small sample size in our study, it was not possible to statistically analyse
the impact of AEDs on the duration of slow-wave sleep.

Our study has some limitations that have to be acknowledged. First, the distribution and differences in the frequencies of
epileptiform discharges were not considered during the different sleep stages. Further studies with functional imaging data are
necessary to evaluate the association between sleep disorders and IEDs in elderly patients with epilepsy. This study may exhibit po-
tential selection bias due to the small sample size, and all data were collected from the same Sleep Medicine Centre. We lacked a
healthy control group to provide a baseline for comparing sleep architecture and sleep-related events in the elderly population.
Consequently, the proportion of patients with sleep disorders included in our study may not accurately represent the general popu-
lation. Therefore, larger multicentre studies are recommended to improve the generalisability of the results. The impact of different
AEDs on body weight and sleep architecture was not considered and hence requires further investigation. Other potential variables,
such as living conditions, patient characteristics, sleep hygiene, underlying brain lesions, comorbidities, and medication interactions,
could influence the results of our study and should be explored further. Additionally, due to the retrospective nature of the study, we
were unable to perform cognitive assessments in our patients, which limits the interpretation of the direct link between sleep dis-
turbances and cognitive outcomes. Future research should prioritise investigating this aspect.

5. Conclusion

When compared to the control group, elderly patients with epilepsy exhibited altered sleep architecture and sleep-related events,
which manifested as decreased TST, REM percentage (%), N3 percentage (%), and sleep efficiency, along with increased ODI and
spontaneous arousal index. We speculate that IEDs were the key factor leading to decreased TST, REM percentage (%), N3 percentage
(%) and sleep efficiency, as well as the increased ODI and spontaneous arousal index in patients with epilepsy.

Conversely, sleep-related events (OSAHS, PLMD, and RBD) did not differ significantly between the epilepsy group and control
group.

Additionally, the prevalence of OSAHS was significantly higher in the slow-wave sleep loss group than in the slow-wave sleep
existence group. Patients with OSAHS leads to increased sleep fragmentation and risk of IEDs, ultimately resulting in slow-wave sleep
loss.

The probability of slow-wave sleep loss in epileptic patients aged 75 to 85 was lower than that in epileptic patients aged 65-75
years. For future research, the sample size should be further expanded to enable investigation of the correlation between slow-wave
sleep loss and age in elderly patients with epilepsy.
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