Nature and Science of Sleep ELer‘i’Sée

ORIGINAL RESEARCH

Respiratory Arousal Threshold in Patients with
Epilepsy and Obstructive Sleep Apnea

Ting-Wei Liao ! Chun-Wei Changz, Mei-Yun Cheng2’3, TonyWu"4, Ning-Hung Chen”’, Shih-Wei Lin (5>,
Li-Pang Chuang (>%®

'Department of Neurology, Linkou Chang Gung Memorial Hospital, Taoyuan, Taiwan; 2Section of Epilepsy, Department of Neurology, Chang Gung
Memorial Hospital Linkou Medical Center, and Chang Gung University College of Medicine, Taoyuan, Taiwan; 3Department of Medical Science,
National Tsing Hua University, Hsinchu, Taiwan; *Department of Neurology, New Taipei Municipal Tucheng Hospital, New Taipei City, Taiwan;
SDepartment of Pulmonary and Critical Care Medicine, Sleep Center, Chang Gung Memorial Hospital, Taoyuan, Taiwan; °Department of Respiratory
Therapy, Linkou Chang Gung Memorial Hospital, Taoyuan, Taiwan; “School of Traditional Chinese Medicine, Chang Gung University, Taoyuan, Taiwan;
8School of Medicine, Chang Gung University, Taoyuan, Taiwan

Correspondence: Li-Pang Chuang, Sleep Center, Department of Pulmonary and Critical Care Medicine, Chang Gung Memorial Hospital, Linkou
Medical Center, No. 5, Fusing St., Guishan Dist., Taoyuan, 333, Taiwan, Tel +886-3-3196200 EXT 2680, Email Ipchuang@gmail.com

Background: Patients with epilepsy (PWE) have a higher likelihood of developing obstructive sleep apnea (OSA). However, limited
literature investigates the phenotypes of OSA in this population. This study aimed to evaluate the respiratory arousal threshold (rAT) in
PWE with concurrent OSA.

Methods: Patients were recruited from the Sleep and Epilepsy Center at Chang Gung Memorial Hospital between January 2010 and
June 2022. We included adult patients who underwent overnight in-laboratory polysomnography after the onset of epilepsy.
Additionally, age-, sex-, and apnea-hypopnea index (AHI)-matched patients with OSA only were included as controls. Low rAT
was defined using predictive models based on polysomnography criteria.

Results: We enrolled 48 PWE, of whom 36 (75%) had concurrent OSA (PWE+OSA), and 108 patients with OSA only. PWE+OSA
were older upon PSG examination and had a later epilepsy onset compared to PWE only. PWE had more concomitant antiseizure
medications and hypnotics compared to patients with OSA only. Among those with OSA, 19 (52.8%) with PWE+OSA and 68 (63.0%)
with OSA only were predicted to have a low rAT. Continuous positive airway pressure compliance was significantly lower in the low
rAT subgroup compared to the high rAT subgroup (p = 0.021) within the OSA-only group, whereas no significant difference was
observed between rAT subgroups in the PWE+OSA group.

Conclusion: Our study provides insights into the presence of a low rAT in PWE+OSA, with no significant difference in its ratio
compared to OSA controls. However, since rAT was estimated using a predictive model rather than direct measurement, this limitation
may affect the interpretation of our findings. Further studies using gold-standard methods are needed to clarify the underlying
mechanisms contributing to the higher OSA prevalence in PWE.
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Introduction

Obstructive sleep apnea (OSA) frequently coexists as a comorbidity in patients with epilepsy (PWE). According to
a meta-analysis, the prevalence of OSA in PWE was estimated to be 33.4%, with moderate-to-severe OSA, defined as an
apnea-hypopnea index (AHI) of >15, observed in 9.7% of PWE." Several risk factors have been identified for the
concurrent occurrence of OSA in PWE, including older age, male gender, and higher seizure frequency.’?

The occurrence of apnea-associated arousal or hypoxemia in OSA can result in sleep fragmentation and chronic sleep
loss, which may have a detrimental impact on seizure frequency.® There is an association between OSA and refractory
epilepsy, particularly concerning oxygen desaturation during sleep.* PWE who have comorbid OSA are more prone to
experiencing seizures during sleep.’ Additionally, the emergence of OSA symptoms often coincides with an increase in
seizure frequency or the onset of status epilepticus.® Managing OSA can also contribute to the control of epilepsy, as
continuous positive airway pressure (CPAP) therapy has been shown to reduce interictal epileptiform discharges in adults
with epilepsy and OSA.” PWE with OSA who receive CPAP treatment may exhibit improved seizure control compared to
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those who remain untreated.' PWE with OSA who demonstrated good compliance with CPAP therapy also experienced
a reduction in seizure frequency.® Moreover, the higher risk of OSA in PWE is associated with poorer cognitive function
and an elevated predicted risk of sudden unexpected death in epilepsy.”'®

In recent years, advancements in understanding the pathogenesis of OSA through upper airway and respiratory
phenotyping techniques have revealed four primary causes of OSA.'' These phenotypes encompass 1. impaired anatomy,
2. impaired dilator muscle function asleep, 3. respiratory control instability (high loop gain), and 4. low respiratory
arousal threshold (rAT).

Approximately 30% to 50% of OSA patients fall into the category of low rAT, meaning they awaken in response to
small changes (> —15 cmH20) in negative intrathoracic pressure.'’ Several factors have been identified in relation to the
low rAT, including a negative association with increasing body mass index (BMI) and the use of antihypertensive
medications, while increasing age and antidepressant use have shown a positive association.'> A low rAT is also linked to
reduced compliance with CPAP treatment over time.'> Consequently, in addition to standard CPAP therapy, targeted non-
CPAP interventions aimed at addressing the impairments associated with each phenotypic trait are crucial.'' For instance,
the use of non-myorelaxant hypnotics may be beneficial for patients with a low rAT.'* '

Because recognizing phenotypes in patients with OSA is gaining importance and the standard measurement of these
phenotypic traits is not easily performed in clinical practice, point-of-care tools based on routine clinical sleep study metrics
have been developed to estimate these OSA traits.'”'® For example, Edwards et al demonstrated that a simple clinical score
can predict a low rAT using standard polysomnography (PSG) parameters.'’ Points are assigned for each of the following
criteria: an AHI score of <30 events per hour, nadir oxygen saturation measured by pulse oximetry > 82.5%, and the fraction
of hypopneas (percentage of all respiratory events that were hypopneas) > 58.3%. A score of 2 or above predicted a low
arousal threshold with a sensitivity of 80.4% and a specificity of 88.0%.

Sleep disturbances are a common occurrence in PWE, often characterized by sleep fragmentation and interruptions in sleep
continuity.'*2° Studies have shown that individuals with generalized or focal epilepsy exhibit significantly higher indices of
sleep stage transitions and arousal when compared to controls.”* Unlike patients with OSA, whose arousals are typically
linked to mechanoreceptor and chemoreceptor activation due to airway narrowing, hypoxia, or hypercapnia, PWE may
experience cortical arousals associated with both ictal and interictal epileptic activity.'” These frequent arousals can hinder the
attainment of deeper and more stable sleep stages, limit the accumulation of respiratory stimuli required to activate the
pharyngeal dilators, and perpetuate respiratory control instability through an excessive ventilatory response.''

Nonetheless, there is a paucity of literature investigating the distinct phenotypes of OSA in PWE. The potential
synergistic negative impact on the arousal system in individuals coping with both epilepsy and OSA remains shrouded in
uncertainty. As the exact cause of the increased prevalence of OSA in PWE remains unclear, we propose that disruptions
in the arousal system, driven by both epileptic activity and disordered breathing, may play a critical role in the
development of OSA in this population. Consequently, we have devised this retrospective study with two primary
objectives: 1. To evaluate the clinical implications of OSA on PWE. 2. To predict the rAT in PWE and concurrent OSA.

Methods

Institutional Review

The study was approved by the Institutional Review Board of Chang Gung Memorial Hospital (ethical license No:
202201433B0). The requirement for written informed consent was waived because all cases involved retrospective
review of medical records related to routine clinical care, with no direct patient contact or intervention. All patient data
were de-identified to ensure confidentiality, and the study was conducted in accordance with the principles outlined in the
Declaration of Helsinki.

Patients

The participants for this study were recruited from the Sleep Center and Epilepsy Center at Chang Gung Memorial
Hospital. The Sleep Center registry included patients who underwent various sleep studies (such as PSG, CPAP titration,
or multiple sleep latency tests) at Chang Gung Memorial Hospital, specifically at the Taoyuan, Linkou or Taipei branch.
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The available data spanned from January 2010 to June 2022. The Epilepsy Center registry, on the other hand, consisted of
patients diagnosed with epilepsy who received follow-up care at our institutes in Chang Gung Memorial Hospital, across
the Taoyuan, Linkou, or Taipei branches. The data from this registry covered the period from November 2009 to
August 2022. Our study included patients who were present in both registries and were aged 18 years or above. The
medical charts were meticulously reviewed by an epileptologist (TW Liao), and the diagnosis was confirmed based on
the definition of epilepsy established by the International League Against Epilepsy (ILAE).*!

For the PSG data to be eligible for further analysis, it had to adhere to our standardized overnight in-laboratory PSG
protocol, as described previously,” and excluded studies conducted before epilepsy onset or after OSA-related surgery. In
cases where a patient had undergone multiple PSG examinations, we selected the first eligible PSG study for further
evaluation. The diagnosis of OSA was defined as an AHI of >5, categorized into mild OSA (AHI > 5 to <15 events per hour
of sleep), moderate OSA (AHI > 15 to <30 events per hour), or severe OSA (AHI > 30 events per hour).?® To predict the low
rAT in patients with OSA, we utilized criteria from a previous study, requiring the presence of at least two of the following:
AHI < 30/hour, nadir peripheral capillary oxygen saturation (SpO2) > 82.5%, or fraction of hypopneas > 30%."”

In summary, our inclusion criteria were as follows: (1) adult patients who met the diagnosis of epilepsy, and (2) had
undergone an overnight in-laboratory PSG after the onset of epilepsy. Patients were excluded if (1) the diagnosis of
epilepsy could not be confirmed, or (2) their PSG data did not meet the eligibility criteria for further analysis. The flow
chart depicting patient inclusion is illustrated in Figure 1. Additionally, we enrolled age, sex, and AHI-matched patients
with OSA only as controls, with a ratio of 1:3, for comparison with patients who have both epilepsy and OSA
(PWE+OSA).

We gathered essential demographic and clinical information, including the age at PSG examination, sex, body weight,
BMI, neck circumference (NC), Epworth Sleepiness Scale (ESS) score,”* age of epilepsy onset, duration of epilepsy,
epilepsy classification, etiology of epilepsy, seizure types, concomitant antiseizure medication (ASM), and concomitant
use of hypnotics. Drug-resistant epilepsy was defined as the failure of adequate trials of two tolerated and appropriately
chosen and used ASM regimens (either as monotherapy or in combination) to achieve sustained seizure freedom, in
accordance with the criteria set by the ILAE.>> Active epilepsy was defined as ongoing treatment with ASMs and/or the
occurrence of at least one seizure within the past year.

Patients from CGMH Epilepsy Center registry Patients from CGMH Sleep Center registry
N=5091 N=27263

v

Patients who were present in both registries |,
N =65

‘ Exclusion (N =17):

Not fulfill definition of epilepsy (N = 2)
—— Only CPAP titration protocol (N = 1)

Without PSG study after epilepsy onset (N = 9)
‘ Age < 18 years (N =5)

PWE included in the present study
N =48

v

Patients with epilepsy only Patients wncils?llepsy and Controls with OSA only
N=12 N =36 N=108

Figure | The flow chart depicting patient inclusion.
Abbreviations: CGMH, Chang Gung Memorial Hospital; CPAP, continuous positive airway pressure; PSG, polysomnography; OSA, obstructive sleep apnea.
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Polysomnography
All patients underwent an overnight in-laboratory PSG following a standardized protocol.?” Sleep stages and associated
events were scored based on the guidelines established by the American Academy of Sleep Medicine (AASM).*"*®
Several parameters were recorded for further analysis and comparisons, including the AHI, AHI during the rapid eye
movement (REM) sleep stage (AHI in R), apnea index (Al), desaturation index, sleep efficiency, sleep latency, REM
sleep latency, arousal index, periodic leg movement during sleep (PLMS) index, snore index (SI), times of the longest
apnea, mean SpO2, lowest SpO2, and duration of time with SpO2 below 85%.

No seizures were observed during the PSG recordings in any of the participants, and therefore no data were excluded
on this basis.

Continuous Positive Airway Pressure Therapy

We retrieved automatic CPAP treatment data for the subjects from the Sleep Center registry. To ensure the validity of our
analysis, we prioritized the initial CPAP treatment record following each eligible PSG study when available. The
collected data encompassed CPAP compliance, the percentage of days with CPAP usage, the average number of hours
used per day, and residual AHI. CPAP compliance was defined as the percentage of days in which CPAP was used for
a minimum of four hours.?

Statistics
The statistical analysis was conducted using IBM SPSS Statistics, version 26 (IBM Corp., Armonk, NY, USA).

We compared demographic and clinical data among the PWE-only, PWE+OSA, and OSA-only groups. Additionally,
we compared demographic and clinical data between low and high rAT subgroups within the PWE+OSA and OSA-only
groups. PSG parameters were compared among five groups: PWE-only, PWE+OSA with low or high rAT, and OSA-only
with low or high rAT. CPAP-related data were compared between low and high rAT subgroups within both the PWE
+0OSA and OSA-only groups. All key parameters necessary for grouping (eg, AHI, respiratory event classification, and
CPAP compliance) were complete for all included patients. For other variables, cases with missing data were excluded
from specific subgroup or correlation analyses without imputation.

Nominal variables, such as the male-to-female ratio, epilepsy classification, etiology of epilepsy, active seizure status,
and drug-resistant epilepsy at the last visit, were assessed using Fisher’s exact test. Parametric variables, such as age at
PSG examination, body weight, BMI, NC, ESS score, age of epilepsy onset, duration of epilepsy, and CPAP-related
variables, were assessed using Student’s #-test (for two groups) or analysis of variance (ANOVA) (for multiple groups).
Post hoc analysis following ANOVA was conducted using the Bonferroni correction.

Nonparametric variables, such as the number of concomitant ASMs, the number of concomitant hypnotics, and PSG
parameters, were assessed using the Mann—Whitney U-test (for 2 groups) or the Kruskal-Wallis test (for multiple
groups). Post hoc analysis following Kruskal-Wallis test was performed using the Bonferroni adjustment.

The threshold for statistical significance was set at p < 0.05 or adjusted p < 0.05 for all tests. Additionally, a post hoc
power analysis was conducted for the comparison of the proportion of low rAT between the PWE+OSA group and the
OSA-only group, using Fisher’s exact test.

Results

Table 1 presents a summary of the demographic and clinical data for the patients in our study. A total of 48 PWE and 108
patients with OSA only were included in this study. Among the PWE, 36 patients (75%) had concurrent OSA (PWE
+0OSA) (male/female: 30/6). PWE-only group were significantly younger at the time of PSG examination compared to
PWE+OSA (adjusted p = 0.002) or OSA-only (adjusted p = 0.001) group. Compared to PWE-only group, PWE+OSA
had an older age of epilepsy onset (32.2 = 16.5 vs 16.3 = 7.9, p < 0.001). OSA-only group had a lower number of
concomitant ASMs, a lower number of concomitant hypnotics, and a lower total number of concomitant ASMs and
hypnotics compared to PWE+OSA or PWE-only group.
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Table | Demographic and Clinical Data of the Enrolled Patients

PWE-Only | PWE+OSA | OSA-Only p values
(n=12) (n= 36) (n=108)

Sex (male/female) 7/5 30/6 90/18 0.125
Age of PSG 293+9.6°% | 46.1 £ 148° | 459 + 146 ® | <0.00!
Body weight (kg) 81.6 +23 757 £ 15 76.5 + 145 0.504
Body mass index 29.1 £ 89 26.6 £ 45 267 £ 42 0.251
Neck circumference (cm) 37.3+37 387 £ 42 386 * 3.1 0.442
Epworth Sleepiness Scale 8+45 94 + 47 9.2 £ 5.1 0.677
Age of epilepsy onset 163 79 322+ 165 <0.001
Epilepsy duration (years) 147 £ 11.7 138+ 135 0.845
Epilepsy classification (Focal/Generalized) | 10/2 32/4 0.631
Etiology of epilepsy 0911

Trauma 2 6

Stroke 0 2

Vascular malformation 0 4

Genetics | 3

Others | 2

Unknown 8 19
Number of concomitant ASMs 1 [0, 1] 1[I, 2] 0 [0, 0] <0.001
Number of concomitant hypnotics 0o, 1.8] 010, I] 0 [0, 0] 0.007
Sum of concomitant ASM and hypnotics 1 [0, 2] 211, 2] 0 [0, 0] <0.001
Active seizure (%) 75.0% 94.4% 0.091
Drug-resistant epilepsy at last visit (%) 16.7% 19.4% 1.000

Notes: Values are expressed as mean * standard deviation or median [first quartile, third quartile]. A p value <0.05 was
considered significant. Superscript letters indicate results of post hoc comparisons with Bonferroni adjustment. Groups
that do not share any letter are significantly different from each other (adjusted p < 0.05). Groups that share at least one
letter are not significantly different.

Abbreviations: PWE, patients with epilepsy; OSA, obstructive sleep apnea; rAT, respiratory arousal threshold; PSG,
polysomnography; ASM, antiseizure medication.

Table 2 presents a summary of the demographic and clinical data for the patients with OSA, categorized by predicted rAT
status. Among the PWE+OSA group, 19 (52.8%) were predicted to have a low rAT. Among OSA-only group, 68 (63.0%)
were predicted to have a low rAT. The ratio of low rAT did not differ significantly between these two groups (p = 0.327).

Table 2 Demographic and Clinical Data of the Patients with OSA

PWE+OSA p values OSA-Only p values PWE+OSA vs PWE+OSA vs
OSA-Only with OSA-only with
With Low With High With Low With High Low rAT High rAT
rAT (n=19) rAT (n=17) rAT (n= 68) rAT (n= 40) p values p values
Sex (male/female) 16/3 14/3 1.000 59/9 319 0.285 0.720 1.000
Age of PSG 453 £ 144 47 £ 155 0.730 44.1 = 14 49 + 15.1 0.093 0.759 0.651
Body weight (kg) 73+ 144 788 = 155 0.255 735+ 127 81.6 + l6.1 0.005 0.877 0.548
Body mass index 258 3.7 27553 0.256 257 + 39 286 * 4.1 <0.001 0914 0.430
Neck circumference (cm) 37739 39944 0.124 379+3 3963 0.005 0.777 0.834
Epworth Sleepiness Scale 82+ 4l 109 +5 0.084 87 +48 10.1 £ 5.4 0.175 0.672 0.589
Age of epilepsy onset 349 + 148 292+ 183 0.303
Epilepsy duration (years) 103+ 11.8 177 £ 14.6 0.102
Epilepsy classification (Focal/Generalized) 16/3 16/1 0.605
(Continued)
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Table 2 (Continued).

PWE+OSA p values OSA-Only p values PWE+OSA vs PWE+OSA vs
OSA-Only with OSA-only with
With Low With High With Low With High Low rAT High rAT
rAT (n= 19) rAT (n=17) rAT (n= 68) rAT (n= 40) p values p values
Etiology of epilepsy 0.708
Trauma 2 4
Stroke | |
Vascular malformation | 3
Genetics 2 |
Others | |
Unknown 12 7
Number of concomitant ASMs 1[1,2] 1[05, 2.5] 0.876 0 [0, 0] 0 [0, 0] 0.276 <0.001 <0.001
Number of concomitant hypnotics 010, 1] 0 [0, 0.5] 0616 0 [0, 0] 0 [0, 0] 0.244 0.046 0.044
Sum of concomitant ASM and hypnotics 201, 2] 1 [0.5, 3] 0.594 0[0, 0] 0 [0, 0] 0.242 <0.001 <0.001
Active seizure (%) 89.5% 100.0% 0.487
Drug-resistant epilepsy at last visit (%) 26.3% 11.8% 0.408

Notes: Values are expressed as mean * standard deviation or median [first quartile, third quartile]. A p value <0.05 was considered significant.
Abbreviations: PWE, patients with epilepsy; OSA, obstructive sleep apnea; rAT, respiratory arousal threshold; PSG, polysomnography; ASM, antiseizure medication.

Among OSA-only group, the low rAT subgroup had lower body weight (p =0.005), lower BMI (p <0.001), and lower NC (p =
0.005) compared to the high rAT subgroup. Among the PWE+OSA group, the low rAT subgroup showed a trend toward lower
body weight (p =0.255), lower BMI (p =0.256), and lower NC (p = 0.124) compared to the high rAT subgroup, although these
differences did not reach statistical significance. Compared to their OSA-only counterparts, both the low rAT and high rAT
subgroups of PWE+OSA had significantly higher number of concomitant ASMs, a higher number of concomitant hypnotics,

and a higher total number of concomitant ASMs and hypnotics.

Table 3 provides an overview of the PSG data across the five study groups: PWE-only, PWE+OSA with low rAT,
PWE+OSA with high rAT, OSA-only with low rAT, and OSA-only with high rAT. Significant post hoc differences are
indicated using superscript letters. The full set of Bonferroni-adjusted p-values for all pairwise comparisons is provided

in Supplementary Table 1.

Table 3 Polysomnography Data of the Enrolled Patients

PWE-Only PWE+OSA OSA-Only p values
(n=12)
With Low rAT With High rAT With Low rAT With High rAT
(n=19) n=17) (n= 68) (n= 40)
AHI 1.1 [04,3]* 129 [6.9, 19.9]° 60.3 [27.7, 73.8] 143 [84,21.3]° 66.4 [39.8, 74] <0.001
AHI in R 4370[13,9]° 229158, 349] ™ | 60[26.2,70.3] 264158, 41.9]° | 57.1 [385,73.6] ¢ <0.001
Al 01[0,02]* 1.1[02,35]* 21.7[11.6, 56.11° 0.7 [0, 2.6] * 293 [14.1,51.5] ° <0.001
Desaturation index 2504, 35]* 826, 17.6]* 4781199, 721 ® 8527, 129]° 552 [32.7, 69.3] ° <0.001
Sleep efficiency (%) 86.5 [77.6, 92.4] 83.1 [74.9, 90.3] 73.9 [55.8, 90.5] 79.7 [70.4, 88] 75.9 [63.3, 83.5] 0.048*
Total sleep time 317.5 [284.6, 330.6] | 306 [275.5, 326] 279 [208.5, 336] 298 [257.6, 322.5] | 278.3 [230.8, 304.1] 0.03*
Stage NI (% of sleep period) | 11.8[9.4, 157] 2 229 [174,289] 363 [23.1, 66] > 182[128,27.6]* | 428[237,59] <0.001
Stage N2 (% of sleep period) | 63.3 [57.8, 66.5] * 53.8 [38.5, 65.7] ¢ | 47.7 [22.8, 59.2] ™ 50 [40.4, 61.6] *° 342 [21.9, 52.5] < <0.001
Stage N3 (% of sleep period) | 3.5[02, 7] *® 0.5 [0, 14.5] *® 01[0, 48] *® 51100, 13.8]* 01[0, 48] ° 0.015
Stage R (% of sleep period) 17.4[13.9, 23] 163 [9.4, 24.4] 16 [10.1, 18.1] 195 [13.9, 25.3] 15[11.7, 22] 0.076
Sleep latency (minutes) 10 [3.6, 16.1] 858, 17.5] 14 [3.5, 24.5] 103 [6, 16] 12 [5.5, 169] 0.961
Stage R latency (minutes) 130.3 [73.5, 211.3] 83.8 [59.4, 105.3] 85.3 [57.8, 132.3] 89.5 [68, 115] 112.5 [71.5, 164.8] 0.124
Arousal index 8259, 132]* 23.1 [164,30.11% | 352282, 532]<¢ 19.6 [15, 25.4] ° 45.7 [35.2, 57] ¢ <0.001
PLMS index 0 [0, 9.6] 0 [0, 14.3] 010, 2.5] 0 [0, 0] 00, 2.9] 0.561
Snore index 131.8 [11.3, 450.1] 399.5 [76.1, 463.8] 363.6 [187.8,4284] | 319.7 [127, 554.5] | 396 [284.2, 528.3] 0.172
Longest apnea (seconds) 0r0, 12]* 28 [10.5, 53] © 55 [47.5, 70.3] 234 [0, 38.8] 51.5[39.3, 62.8] <0.001
(Continued)
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Table 3 (Continued).

PWE-Only PWE+OSA OSA-Only p values
(n=12)
With Low rAT With High rAT With Low rAT With High rAT
(n=19) (n=17) (n=68) (n= 40)
Mean SpO?2 (%) 96 [95.9, 97.8] * 96 [95.7, 97] * 93 [91.5, 96] © 96 [94, 971 * 95 [93, 95] © <0.001
Lowest SpO2 (%) 92 [89,93.8] * 85 [83, 90] * 75 [63, 79] © 86.5 [84, 89] * 74.5 [64.5,79.8] © <0.001
Time below 85% (seconds) 0f[0,0]* 01[0,203]* 397 [67.5, 1183] © ofo, 117* 350 [118.8, 1129.5] ° <0.001

Notes: Values are expressed as median [first quartile, third quartile]. A p value <0.05 was considered significant (Kruskal-Wallis test for within-
group comparisons). Superscript letters indicate results of post hoc comparisons with Bonferroni adjustment. Groups that do not share any letter
are significantly different from each other (adjusted p < 0.05). Groups that share at least one letter are not significantly different. Asterisks (*)
denote variables with a significant overall group difference but without a significant pairwise difference after post hoc correction.
Abbreviations: PWE, patients with epilepsy; OSA, obstructive sleep apnea; rAT, respiratory arousal threshold; AHI, apnea-hypopnea index; AHI in
R, apnea-hypopnea index in REM sleep stage; Al, apnea index; RDI, respiratory disturbance index; PLMS, periodic leg movement during sleep.

Compared to all four OSA groups, the PWE-only group showed significantly lower AHI and arousal index.
Additionally, the PWE-only group had a lower fraction of stage N1 sleep, a higher fraction of stage N2 sleep, shorter
longest apnea time, higher mean SpO2 level, and less time with SpO2 below 85%, particularly when compared to those
with high rAT subgroups within both the PWE+OSA and OSA-only groups.

Among both PWE+OSA and OSA-only groups, low rAT subgroups had significantly lower AHI, lower Al, lower
desaturation index, shorter longest apnea time, higher mean and lowest SpO, levels, and spent less time with SpO, below
85% compared to their high rAT counterparts. Among the OSA-only group, the low rAT subgroup also had a lower fraction of
stage N1 sleep (adjusted p < 0.001), a higher fraction of stage N2 sleep (adjusted p = 0.002), a higher fraction of stage N3 sleep
(adjusted p = 0.017), and a lower arousal index (adjusted p < 0.001) compared to the high rAT subgroup.

In inter-group comparisons, there were no significant differences in PSG parameters between PWE+OSA and OSA-
only groups when matched for rAT phenotype (ie, comparisons within the low-rAT and high-rAT categories).

Table 4 presents the CPAP treatment outcomes for the 12 PWE with a total of 15 CPAP treatment records, along with
19 CPAP treatment records from OSA-only control group. Among the OSA-only group, CPAP compliance was
significantly lower in the low rAT subgroup compared to the high rAT subgroup (p= 0.021). Although the differences
were not statistically significant, the low rAT subgroup within the PWE+OSA group showed numerically lower CPAP
compliance (53.4%), a lower percentage of days used (63.1%), and a lower average number of hours used per day
(4.0 hours) compared to the high rAT subgroup from PWE+OSA (65.6%, 91.6%, and 5.5 hours respectively).

Post hoc power analysis indicated that, given the observed proportions of low rAT in the PWE+OSA (52.8%) and
OSA-only (63.0%) groups, the effect size (Cohen’s w) was 0.081. With the available sample sizes (n = 36 and n = 108,
respectively), the estimated statistical power to detect a significant difference was only 16.2%.

Table 4 CPAP Treatment Responses in Patients with Epilepsy and Concurrent OSA

PWE+OSA p values OSA-Only p values PWE+OSA vs PWE+OSA vs
OSA-Only with OSA-Only with

With Low rAT | With High rAT With Low rAT | With High rAT Low rAT High rAT
(n=5) (n=10) (n=15) (n=14) p values p values

CPAP compliance (%) 53.4£372 65.6 + 30.1 0.504 372 £282 69.3 +£22.9 0.021 0.460 0.735

Percentage of days used (%) 63.1 £373 916 £67 0.224 81.8 £226 912 £ 104 0415 0.380 0.928

Average number of hours 40 £ 3.0 55+13 0.286 36+21 49+ 13 0.115 0.788 0.339

used per day

Residual AHI 3114 5054 0.499 788 42+23 0.370 0.286 0.607

Mean median pressure 76+ 13 7919 0.776 85+38 752 0.469 0.655 0.682

(cmH20)

Peak maximum pressure 10.1 £ 2.1 11.2+£24 0.484 11.5£47 104 +25 0.522 0.605 0.528

(cmH20)

Notes: Values are expressed as mean * standard deviation. A p value <0.05 was considered significant.
Abbreviations: CPAP, continuous positive airway pressure; PWE, patients with epilepsy; OSA, obstructive sleep apnea; rAT, respiratory arousal threshold; AHI, apnea-
hypopnea index.
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Discussion

In this study, we included a total of 48 PWE, of which 36 patients (75%) had concurrent OSA, and 108 patients with OSA only
who underwent in-laboratory PSG. The PWE+OSA group were notably older at the time of PSG examination and had a later
onset of epilepsy compared to PWE-only group. The OSA-only group were taking fewer concomitant ASMs and hypnotics
compared to PWE+OSA and PWE-only groups. Among those with OSA, 19 (52.8%) in the PWE+OSA group and 68 (63.0%)
in the OSA-only group were predicted to have a low rAT. The ratio of low rAT did not differ significantly between the two
groups. These patients with a predicted low rAT exhibited significantly lower AHI, lower Al, lower desaturation index, higher
mean SpO2 levels, higher lowest SpO2 levels, and less time with SpO2 below 85%. Among the OSA-only group, CPAP
compliance was significantly lower in the low rAT subgroup compared to the high rAT subgroup. In the PWE+OSA group,
although CPAP compliance, the percentage of used days, and the average hours of CPAP usage were numerically lower in the
low rAT subgroup, these differences did not reach statistical significance.

The relationship between an increased age of epilepsy onset and the risk of OSA remains unclear. A study found that older
adult patients with late-onset or worsening seizures had a higher AHI on PSG compared to patients who were seizure-free or
experienced seizure improvement.’® Sleep apnea and low oxygen saturation levels during sleep are linked to late-onset
epilepsy.®’ Late-onset epilepsy may be more commonly caused by structural issues, such as cerebrovascular disease, brain
tumors, and neurodegenerative disorders.*> One possible explanation for this association is that patients with etiologies for late-
onset epilepsy, especially cerebrovascular disease, have a higher prevalence of OSA. Previous literature found that the prevalence
of mild OSA and severe OSA was 71% and 30% in post-stroke patients, respectively.”* Brainstem infarction, more extensive
hemispheric strokes, and bilateral lesions were reported to be associated with post-stroke OSA or OSA severity.**>® Weakness of
pharyngeal muscles and disturbance of central respiratory control are believed to be the pathogenesis of post-stroke OSA.*’

In our study, there were no significant differences in the proportions of etiologies between PWE+OSA and PWE-only
groups. However, we did not evaluate the detailed neurological manifestations and locations of brain lesions in our PWE
with structural etiologies, which may have varying degrees of association with OSA occurrence. Future studies could
further investigate and clarify the association between an increased age of epilepsy onset and the risk of OSA.

We found that PWE were taking not only more ASMs but also more hypnotics compared to patients in OSA-only group,
suggesting this group experiences more sleep disturbances. A meta-analysis showed that PWE have worse sleep quality
compared to controls.*® Poor sleep quality and insomnia are associated with poor seizure control and a lower quality of
life.>**° The causes of sleep disturbances in PWE are usually multifactorial. In addition to sleep interruptions associated with
epileptic activity, circadian misalignment and psychiatric comorbidities such as depression or anxiety also play a role.*'**

We also observed a trend of higher numbers of concomitant ASMs in PWE+OSA compared to PWE-only group,
although this difference was not significant after Bonferroni correction. The trend of higher ASM use suggests that
seizures might be more challenging to control in this population. Moreover, the use of certain ASMs may exacerbate
existing OSA symptoms. Benzodiazepines, for instance, can intensify drowsiness and lead to relaxation of the pharyngeal
muscles.*> Additionally, specific ASMs like sodium valproate have been linked to weight gain and metabolic syndrome,
which can increase the risk of OSA.**

Prior studies have shown that the prevalence of predictive low rAT in Asians with OSA falls within the range of
approximately 28.4% to 50.2%.%>*® Hang et al conducted a retrospective analysis of 3718 OSA patients at a prominent
sleep center in central Taiwan and reported a predicted low rAT prevalence of about 50.2% among Taiwanese OSA
patients, using the same predictive model.*® In our study population with OSA, low rAT was predicted in 52.8% of the
PWE+OSA group and in 63.0% of the OSA-only group. The slightly higher prevalence of low rAT in our study may be
related to selection bias due to the lower BMI in both OSA groups compared to the mean BMI in Hang et al’s study.

Interestingly, the lack of a significant difference in rAT phenotype between the PWE+OSA and OSA-only groups was
unexpected. We had initially hypothesized that the PWE+OSA group would exhibit a more disrupted arousal system and,
consequently, a higher proportion of low rAT, contributing to their increased risk of OSA. Although the slightly lower
prevalence of low rAT in the PWE+OSA group might be partially attributed to the sedative effects of ASMs and
hypnotics—which are known to elevate arousal thresholds''—this marginal difference does not sufficiently explain the
substantially higher prevalence of OSA observed in people with epilepsy. These findings suggest that factors beyond
arousal threshold may contribute to the elevated risk of OSA in people with epilepsy. Potential mechanisms include
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additional effects of ASMs—such as reduced upper airway muscle tone or changes in body weight—as well as altered
central ventilatory control."'*** These hypotheses warrant further exploration in future mechanistic studies.

Notably, the PWE-only group demonstrated more favorable PSG findings compared to both low rAT subgroups (PWE
+OSA and OSA-only). Although arousal system alterations are possible in epilepsy, they likely differ from the low rAT
trait that contributes to obstructive events in OSA. Moreover, the well-controlled epilepsy status in most of our PWE-
only participants may have contributed to more stable nocturnal respiration. In contrast, the rAT prediction model
remained applicable to both PWE+OSA and OSA-only groups, as their low rAT subgroups shared similar clinical and
PSG features. These findings suggest that the rAT phenotype retains its relevance in PWE+OSA group, while the absence
of OSA-related arousal instability in PWE-only may account for their more favorable respiratory parameters.

Finally, the impact of low rAT on CPAP compliance is believed to be significant, and a similar trend was observed in
our cohort.'® In the PWE+OSA group, the concurrent use of ASMs or hypnotics may have attenuated the differences in
CPAP adherence between the low and high rAT subgroups, unlike the more pronounced difference seen in the OSA-only
group. These findings suggest that stratifying PWE by rAT status could help tailor OSA management. Although this
association was less distinct in the PWE+OSA group, rAT status may still influence treatment outcomes. Identifying this
physiological trait may offer a path toward optimizing both OSA and epilepsy care.

However, due to the relatively small number of CPAP users in our study, these findings should be considered
hypothesis-generating rather than conclusive. Additionally, disease severity may have confounded CPAP adherence, as
the low rAT subgroup had a lower mean AHI compared to the high rAT group.”” We anticipate that future studies with
larger sample sizes will be able to validate and further investigate this association.

The current study has several limitations that need to be acknowledged. Firstly, the sample size was small, and the
study design was retrospective, which may introduce selection bias and limit the generalizability of the findings. Post hoc
power analysis indicated that the study was underpowered to detect small differences in rAT distribution between the
PWE+OSA and OSA-only groups (Cohen’s w = 0.081; power = 16.2%). Therefore, the absence of a statistically
significant difference should be interpreted with caution. Secondly, our study involved extensive group comparisons.
Although statistical adjustments (eg, Bonferroni correction) were applied for multiple comparisons, the risk of Type
I errors may still be present.

Thirdly, the definition of low rAT in patients with OSA was based on a predictive model derived from PSG criteria
rather than direct intrathoracic pressure measurements. The gold standard methods, such as epiglottic or esophageal
pressure monitoring, were not used in this study.'' This limitation may affect the interpretation of our results, particularly
since the predictive model has not been specifically validated in the PWE+OSA population.

Fourthly, the severity of epilepsy among our studied patients tended to be mild, and most of the patients were
managed with a single ASM. As a result, the hypothesized negative impact of epileptic activity on the arousal system
may not have been evident in this relatively mild population. Fifthly, potential confounding variables were not fully
controlled in our group comparisons. For example, the PWE-only group tended to be younger, while the OSA-only group
used fewer ASMs or hypnotics. These differences may introduce bias, particularly since many ASMs have sedative
properties that could elevate the rAT.'" To better understand these complex interactions, future studies should consider
focusing on patients with poorly controlled epilepsy, including those during medication-free periods, to more clearly
isolate the effects on rAT.

Lastly, the results for PWE-only group might be influenced by potential confounding factors, including their younger
age at the time of PSG examination and the reasons for undergoing PSG. It is possible that this group of patients, despite
not having OSA, might have other sleep disorders or be potential patients with OSA.

Conclusions

In summary, our study provides insights into the presence and implications of low rAT in PWE+OSA. We found no
significant difference in the prevalence of low rAT between the PWE+OSA group and the OSA-only control group, based
on a PSG-based prediction model. Additionally, demographic and PSG characteristics were similar between low rAT
subgroups in both populations. Notably, CPAP compliance was significantly lower in the low rAT subgroup within the
OSA-only group, while this trend was attenuated in the PWE+OSA group.
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These findings suggest that although low rAT may be a common feature in both groups, it may not fully explain the
increased prevalence of OSA in PWE. Alternative mechanisms may contribute to this elevated risk. Further studies using
gold-standard methods to directly measure rAT, and involving more heterogeneous epilepsy populations, are needed to
clarify these complex interactions and guide more personalized OSA management in PWE.
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