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Purpose: This study aimed to investigate the association between sleep spindle metrics and executive function in individuals with
obstructive sleep apnea (OSA). Furthermore, we examined the association of age and education on executive function.

Patients and Methods: A total of 230 (40.90 + 8.83 years, F/M = 45/185) participants were enrolled. Overnight electroencephalo-
gram (C3-M2) recording detected sleep spindles by a novel U-Net-type neural network that integrates temporal information with time-
frequency images. Sleep spindle metrics, including frequency (Hz), overall density (events/min), fast density (events/min), slow
density (events/min), duration (sec) and amplitude (nV), were measured. Executive function was assessed using standardized
neuropsychological tests. Associations between sleep spindle metrics, executive function, and demographic factors were analyzed
using multivariate linear regression.

Results: In fully adjusted linear regression models, higher overall sleep spindle density (TMT-A, B=—1.279, p=0.009; TMT-B, B=
—1.813, p=0.008), fast sleep spindle density (TMT-A, B=—1.542, p=0.048; TMT-B, B=—2.187, p=0.036) and slow sleep spindle
density (TMT-A, B=—1.731, p=0.037; TMT-B, B=-2.449, p=0.034) were associated with better executive function. And the sleep
spindle duration both during N2 sleep time (TMT-A, B=—13.932, p=0.027; TMT-B, B=—19.001, p=0.034) and N3 sleep time (TMT-B,
B=-29.916, p=0.009; Stroop-incongruous, B=—21.303, p=0.035) was independently associated with better executive function in this
population. Additionally, age and education were found to be highly associated with executive function.

Conclusion: Specific sleep spindle metrics, higher overall density, fast density and slow density during N2 sleep time, and longer
duration during N2 and N3 sleep time, are independent and sensitive indicators of better executive function in young adult and middle-
aged patients with OSA. Further research is needed to explore the underlying mechanisms and clinical implications of these findings.
Keywords: sleep spindle metrics, executive function, obstructive sleep apnea, young adults, middle-aged adults

Introduction

Obstructive sleep apnea (OSA) has emerged as a global concern due to its high prevalence and the various systemic
complications it entails."> OSA is characterized by recurrent episodes of complete or partial collapse of the upper airway
during sleep, often accompanied by snoring and frequent arousal. These occurrences lead to hypoxia, sleep fragmenta-
tion, and subsequent physiological damage. Epidemiological studies have revealed significant independent associations
between OSA and conditions such as hypertension, coronary artery disease, heart failure, and cognitive impairment.*
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Epidemiology shows that OSA co-morbid with cognitive impairment can be observed in children, adolescents, and
adults. In a sleep clinic cohort, the prevalence of cognitive impairment was 47.9% in the entire patient population, rising
to more than 55.3% in patients with moderate-to-severe OSA.° In middle-aged adults, OSA is commonly associated with
cognitive impairment in terms of attention, memory, and executive functioning.” Nemeth et al concluded that patients
with OSA are selectively susceptible to higher-order cognitive functions (eg, executive function) compared to general
skill learning and sequence-specific learning.” Furthermore, meta-analyses confirmed that executive function was
a vulnerable cognitive domain in adults with OSA.>°

Executive function is an important domain of cognition in which higher cognitive processes modulate lower cognitive
processes, including sustained attention, working memory, and inhibition control. It is supported by a distributed set of brain
regions that include the prefrontal cortex (PFC) and the thalamus, particularly the dorsomedial nucleus (MD), which
interconnects with the PFC.'® Neuroimaging studies have shown that the MD is a key subcortical node in the prefrontal-
parietal “executive control” network that supports working memory, cognitive flexibility, and inhibition control.'' Damage to
the thalamic-prefrontal circuit leads to deficits in executive function. Recent studies have reported that executive dysfunction
coexists with abnormalities in thalamic-frontal connections in several psychiatric disorders, including schizophrenia.'®'?

Sleep spindles, which signal as 11-16 Hz bursts in the electroencephalogram (EEG) of the mammalian brain, represent
electrical surface associations of thalamic neuron oscillations. They are a highly inherited feature of the sleep EEG and
generated by the thalamic reticular nucleus (TRN) in conjunction with specific thalamic nuclei and are modulated by thalamo-
cortical circuit."? It has been shown that the presence of abnormal sleep spindle activity and deficits in individuals with chronic
or early schizophrenia is associated with abnormal thalamo-cortical connectivity compared to healthy individuals.'* Study
showed that moderate OSA patients exhibit a lower percentage of slow spindles (11-13 Hz) with deceleration in frontal and
parietal regions, in comparison to mild and non-OSA patients.'> Research has demonstrated that older adults with OSA show
deficits in fast sleep spindles (1416 Hz) but exhibit preserved overnight declarative memory consolidation.'® Similarly, in
children with obstructive sleep-disordered breathing (SDB), reduced sleep spindle density and intensity has been linked to
poorer visual/executive function.'’

Abnormalities in thalamo-cortical circuit connectivity are commonly manifested as executive dysfunction and sleep spindle
abnormalities. The strength and plasticity of thalamo-cortical circuits, as reflected by the spindle, may underlie an individual’s
cognition, especially executive function. The metric of spindle and slow oscillation morphology has been identified as predicted
cognitive performance in older adults.'® In healthy middle-aged and older adults (50-91 years old) without sleep disorders,
higher spindle density predicted better performance in verbal learning, visual attention, and verbal fluency.'® In children, slow
sleep spindle density reflects the developing brain’s ability to acquire and improve executive function learning abilities, such as
integrated planning and problem-solving skills.>® Although no direct neuroimaging studies have demonstrated impaired thalamo-
cortical connectivity in patients with OSA, thinned prefrontal cortex and reduced thalamic tissue integrity were observed.?'
This provides a neuroanatomical basis for executive dysfunction and sleep spindle deficits. Recent studies in middle-aged and
older adults showed sleep spindle abnormalities were independently associated with OSA severity measures.” Furthermore, the
associations between sleep spindle metrics and functional outcomes was explored in large population-based sample of aging
men, and results showed that higher fast spindle density during N3 sleep time was associated with worse executive
performance.* These observations supported the utility of sleep spindle metrics as useful executive function markers in older
OSA. Cognitive impairment in OSA patients presents at a younger age; however, our understanding of how this relationship may
manifest in the younger OSA patient population is limited.

In this study, we aimed to investigate the association between sleep spindle metrics and executive function in young
adult and middle-aged patients with OSA.

Materials and Methods

The study protocol was conducted according to the principles of the Declaration of Helsinki and was approved by the
appropriate Institutional Review Board of Beijing Tongren Hospital, Capital Medical University (TREC2022-KY059).
The participants signed written informed consent forms before the study for inclusion in the study and for the use of

executive function test data and medical records.
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Participants

A total of 180 patients with obstructive sleep apnea (OSA) and 50 primary snorers, who underwent polysomnography
(PSG) at Beijing Tongren Hospital, were included in this study (Figure 1). Overnight PSG data were collected from all
participants. Inclusion criteria for enrollment were as follows: 1) age between 18 and 59 years; 2) apnea-hypopnea index
(AHI) >5 events/h for OSA patients; 3) no reliance on sleep medication for falling asleep; 4) abstention from sleep
medication on the night of PSG; 5) absence of active cardiovascular or cerebrovascular disease, uncontrolled diabetes or
hypertension, or degenerative diseases (eg, Parkinson’s disease or Alzheimer’s disease); 6) no history of psychiatric
disorders; and 7) no history of craniosurgery. All participants underwent comprehensive interviews and evaluations
conducted by medical professionals.

Overnight Polysomnography

All participants underwent in-laboratory nocturnal PSG recording. Eight electroencephalogram (EEG) electrodes were
positioned according to the standard 10-20 system configuration (F3, F4, C3, C4, Ol1, 02, M1 and M2).
Electrocardiogram (ECG) electrodes were used for heart rate monitoring. Two chin electromyography (EMG) electrodes
and a submental EMG were employed to measure chin muscle activity, while two electrooculogram (EOG) electrodes
were used to detect eye movements. Respiratory data, including finger pulse oximetry, airflow, chest and abdominal
respiratory effort, were collected using a thermistor flow sensor and nasal airflow sensors. Compumedics systems
(Compumedics Medics Corporation, Australia) were used for PSG recording and experienced sleep technicians manually
scored all PSG measures according to 2017 American Academy of Sleep Medicine (AASM). The AHI, representing the
sum of apneic and hypopneic events per hour of sleep, was calculated. OSA was identified by an AHI > 5/h and further
categorized as mild (5-15/h), moderate (15-30/h), or severe (>30/h). Additionally, participants completed the Epworth
Sleepiness Scale (ESS) to assess their subjective sleep quality, with global scores >10 indicating excessive daytime
sleepiness (EDS).

Executive Function

Trail Making Test A and B (TMT)

The Trail Making Test (TMT) consists of two parts: TMT-A and TMT-B. TMT-A is primarily used to assess
psychomotor functions and processing speed requiring participants to connect encircled numbers (1-25) in sequence.?
TMT-B is more complex and measures executive functions such as cognitive flexibility, divided attention, response
monitoring, and task switching. In view of the wide variation in the mastery of the letters among Chinese, a revised

participants complete overnight PSG and
neuropsychological tests in Tongren Hospital
(n=263)

[AHI<5/h || [ AHI>5/h ]

primary snorers patients with OSA
(n=53) (n=210)

Excluded:

Excluded: * sleep-disrupting medication (n=15)
* sleep-disrupting medication (n=2) * restless leg syndrome (RLS) (n=1)

* severe deafness (n=1) ¢ coronary heart disease (n=5)

* older adults( 2 60 years old) (n=5)
* amblyopia for colours (n=4)

with sleep spindles data and with sleep spindles data and
executive function assessment executive function assessment
(n=50) (n=180)
Figure | A flow diagram for participants.
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version of the TMT-B in Chinese was used. It includes circles with numbers from 1 to 13 and boxes with numbers from 1
to 12. Participants are required to connect the numbers in ascending order, starting with the circles and then the boxes.
Prior to the test, participants receive practice trials to ensure understanding of the tasks. During the practice test, if
participants make errors during the test, the examiner points them out and guides the participants to complete the task
correctly. Performance on the test is measured by the time taken to complete TMT-A and TMT-B. To provide a more
specific assessment of executive function, the TMT difference (TMT-D) is calculated by subtracting the performance
time in TMT Part A from Part B.

Stroop Color-Word Test (SCWT)

The Stroop Color-Word Test (SCWT) is used to evaluate working memory and inhibitory control and is measured by
completion times.”® Participants are instructed to respond as quickly and accurately as possible. The test has congruous
and incongruous conditions. In the congruous condition, participants read the word in black ink (eg, the word “GREEN”
written in black ink) or identify the color of the ink (eg, the word “XX” written in red ink). In the incongruous condition,
participants read the color of the ink in which the words are written (eg, the word “GREEN” written in red ink).?’ Each
test consists of 50 words, and the completion time for identifying all 50 words is measured using a stopwatch.

Spindle Detection

All PSG data were exported to standardized European Data Format from which overnight C3-M2 EEG recordings underwent
automated artifact detection using a previously validated algorithm.?® In this study, a new U-Net type neural network?’
integrating temporal information with time-frequency images was constructed to enhance spindle detection in N2/N3 sleep. To
obtain time-frequency images, we employ the technique of Continuous Wavelet Transform (CWT), and the Morlet wavelet
was chosen as the basis wavelet function. With the information from both the time domain and the time-frequency domain,
a multi-modal fusion approach using a U-Net architecture was trained for sleep spindle detection (11-16 Hz, >0.5 and <3 s)
(Figure S1.). Fast sleep spindles (13—16 Hz) and slow sleep spindles (11-13 Hz) were detected. The training dataset used in
this study was collected from the Beijing Tongren Hospital, and the dataset were partitioned into three splits ie the training set,
validation and test set. The model hyperparameters and evaluation metrics were set to be consistent with the previous work
SUMO.* The validated model achieved an F1 score of 83% on the test set, surpassing the performance of existing state-of-the
-art methods and reaching the level of expert recognition (Table S1).

As the model provides the start and end time points of each spindle, we can calculate the duration of a spindle by
subtracting the start time from the end time. The amplitude is obtained by subtracting the minimum value from the
maximum value of the signal within that time period, and the frequency is calculated as the average frequency of the
signal during that time period.

Statistical Analysis
Data analysis was conducted using IBM SPSS statistical software (version 24.0). Descriptive statistics are presented as
mean + standard deviation (SD) for normal distribution data, and median (IQR) was presented for non-normal distribu-
tion data. Differences in population characteristics and sleep spindle metrics were determined by one-way analysis of
variance (ANOVA) for normal distribution variables and the Mann—Whitney U-test for non-normal distribution variables.
Univariate and multivariate linear regression models including Bonferroni correction were used to examine the
relationships between sleep spindle metrics during N2/N3 sleep, age/education, and executive function. The models were
adjusted for covariates such as age, AHI, total sleep time (TST), body mass index (BMI), minimum oxygen saturation
(min Sp0O2), education, gender, and arousal index (AI). Unstandardized beta (B) coefficients with 95% confidence
intervals (CI) are reported. Variance inflation factor values for all covariates were close to 1, indicating the absence of
multicollinearity. As the oxygen desaturation index (ODI) was highly correlated with AHI, min SpO2 was used to assess
sleep hypoxemia. The p < 0.05 was statistically different, p < 0.01 was statistically significant, and p < 0.001 was

extremely statistically significant.

4 https: Nature and Science of Sleep 2024:16

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=436824.docx
https://www.dovepress.com/get_supplementary_file.php?f=436824.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Sui et al

Results

Characteristics of Participants

The study included a total of 230 participants. OSA prevalence (AHI > 5/h) was 78.3% (n=180, F/M = 20/160), and
34.8% have severe OSA (AHI > 30/h) (n=80, F/M = 7/73). Table 1 displays the participants characteristics, revealing no
significant differences in age, education, body mass index (BMI), neck circumference (NC) in patients with OSA.
Participants with severe OSA showed more pronounced hypoxia, as reflected by higher AHI, longer apnea/hypopnea
duration, lower minimum oxygen saturation (min-Sp0O2), and increased sleep fragmentation, as indicated by the arousal
index.

Spindle Metrics

The study found significant differences in various metrics related to sleep spindles during N2 sleep between mild/moderate
OSA (n=100, 40.68 + 9.30 years), severe OSA (n=80, 40.5 (11) years) and primary snorers (n=50, 36.19 + 10.07 years)
(Table 2). Specifically, decreased overall spindle density, fast spindle density, and slow spindle density were observed in the

Table | Characteristics of Participants

AHI<5/h 5< AHI <30/h AHI=30/h
(n=50) (n=100) (n=80)

Demographic
Gender (F/M) 25/25 13/87 7173
Age (year) 36.19 £ 10.07 40.68 + 9.30 40.50 (11)
Education (year) 16 (2) 16 (0) 16 (4)
BMI (kg/m2) 23.51 + 3.64 25.15 (3.77) 27.54 £ 3.10
NC(cm) 36.64 £ 4.05 39.25 (4.38) 41.21 £ 3.25
PSG parameter (events/hour)
AHI 2.03  1.41 14.25 (11.38)* 55.63 + 17.33+*
REM - AHI 2.15 (4.53) 17.30 (23.60)* 52.84 = 16.85+"
NREM - AHI 1.30 (2.23) 12.75 (12.73)* 36.39  20.85+"
Arousal index 4.70 (8.02) 9.75 (9.68)* 15.25 (24.20)**
REM - arousal index 2.05 (6.35) 5.35 (7.93)* 27.35 (29.53)%
NREM - arousal index 4.45 (7.67) 10.45 (11.47)* 36.39  20.85+"
Apnea/hypopnea time (sec)
Mean - apnea 13.50 (19.35) 22 (10.30)* 29.12 + 7.85*
Max - apnea 16 (22.75) 41 (24.13)* 68.19 + 2351+
Mean - hypopnea 20.90 (8.87) 25 (18)* 25.81 + 10.46*
Max - hypopnea 2898 + 16.13 45.75 (18.25)* 49.25 (25.12)*
Sleep structure
NREM
NI 0.08 + 0.06 0.08 (0.06) 0.1'1 (0.14)
N2 0.63 = 0.09 0.65 + 0.08 0.67 (0.14)
N3 0.05 (0.14) 0.03 (0.11) 0 (0.04)**
REM 0.21 £ 0.06 0.20 (0.06) 0.19 = 0.05
TST (min) 412.00 = 71.12 416.00 + 66.88 444.73 + 77.87
N2 sleep time (min) 255.38 + 52.61 264.22 + 66.02 282.47 + 65.93
Min-Spo2 (%) 93 (3) 87 (7)* 75 (15.75)+
ESS 7.09 £ 3.84 5(5) 7.79 £ 3.79

Notes:* p < 0.05 compared with AHI < 5/h. # p < 0.05 compared with 5< AHI <30/h.

Abbreviations: BMI, body mass index; NC, neck circumference; AHI, apnea hypopnea index; REM - AHI, apnea/hypopnea
index during rapid eye movement; NREM - AHI, apnea/hypopnea index during non-rapid eye movement; REM - arousal
index, arousal index during rapid eye movement; NREM - arousal index, arousal index during non-rapid eye movement;
Max - apnea, maximum apnea time; Max - hypopnea, maximum hypopnea time; ODI, oxygen desaturation index; NREM,
non- rapid eye movement; N1, non-rapid eye movement stage |; N2, non-rapid eye movement stage 2; N3, non-rapid eye
movement stage 3; REM, rapid eye movement; TST, total sleep time; SpO2, oxygen saturation; ESS, Epworth sleep score.
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Table 2 Sleep Spindle Metrics in OSA Patients

AHI<5/h 5< AHI <30/h AHI=30/h
(n=50) (n=100) (n=80)

N2 sleep spindle metrics
Frequency (Hz) 13.15 + 0.43 13.10 (0.45) 13.15 £ 0.41
Amplitude (pV) 67.76 £ 15.24 65.63 (16.23) 63.95 (11.12)
Duration (sec) 1.10 £ 0.09 1.08 (0.04) 1.03 (0.04)
Overall density (11-16 Hz) 1.73 (3.16) 1.49 (2.51) 0.67 (2.16)%*
Fast density (13-16 Hz) 0.74 (1.44) 0.78 (1.10) 0.30 (1.22)**
Slow density (I 1-13 Hz) 0.63 (1.64) 0.54 (1.07) 0.26 (0.88)**
N3 sleep spindle metrics
Frequency (Hz) 13.05 + 0.29 13.07 £ 0.21 13.05 £ 0.25
Amplitude (pV) 67.04 + 20.06 66.67 (13.32) 70.25 £ 1141
Duration (sec) 1.06 £ 0.15 1.08 (0.11) 1.07£0.13
Overall density (11-16 Hz) 0.92 (1.04) 0.77 (0.99) 0.29 (0.81)¥*
Fast density (13-16 Hz) 0.53 (0.61) 0.43 (0.59) 0.14 (0.41)+*
Slow density (I 1-13 Hz) 0.40 (0.30) 0.32 (0.34) 0.10 (0.36)%*

Notes: *p < 0.05 compared with AHI < 5/h. *p < 0.05 compared with 5< AHI <30/h.

mild/moderate OSA patients compared to simple snorers. A similar difference in spindle density was observed in patients with
severe OSA compared to mild/moderate OSA. Additionally, the severe OSA patients exhibited a significant decrease in these
sleep spindle metrics compared to the mild/moderate OSA patients (0.67 (2.16) vs 1.49 (2.51); 0.30 (1.22) vs 0.78 (1.10); 0.26
(0.88) vs 0.54 (1.07), respectively, p<0.05). Moreover, the duration of sleep spindles showed a decreasing trend with the
severity of OSA in comparison to primary snorers, although this difference was not statistically different. During N3 sleep
time, decreased overall spindle density, fast spindle density, and slow spindle density were also observed in the mild/moderate
OSA and severe OSA patients compared to simple snorers. The severe OSA patients also exhibited a significant decreased
sleep spindle metrics compared to the mild/moderate OSA patients (0.29 (0.81) vs 0.77 (0.99); 0.14 (0.41) vs 0.43 (0.59); 0.10
(0.36) vs 0.32 (0.34), respectively, p<0.05).

Executive Function Performance

The performance of executive function was assessed by Trail Making Test A and B (TMT) and Stroop Color-Word Test
(SCWT) (Table 3). Specially, patients with OSA took longer to complete both in the TMT and SCWT tests compared to
primary snorers. The completion time of TMT showed a significant increase in mild/moderate OSA (TMT-A, 30.80 +
9.45 vs 26.49+ 8.73, p<0.05; TMT-B, 47.39 + 17.64 vs 39.13 + 9.20, p<0.05; TMT-D, 16.34 (8.48) vs 11.80 + 9.17,
p<0.05) and severe OSA patients (TMT-A, 28.48 (12.12) vs 26.4 9+ 8.73, p<0.05; TMT-B, 46.05 (17.35) vs 39.13 £ 9.20,
p<0.05; TMT-D, 17.64 (12.33) vs 11.80 + 9.17, p<0.05) compared to primary snorers. The completion time of the
Stroop-word test (23.09 + 5.15 vs 20.21 (5.22), p<0.05) and Stroop-colour test (27.25 (7.67) vs 24.83 (5.21), p<0.05)
showed a significant increase in severe OSA patients compared to mild/moderate OSA.

Associations of Age and Executive Function

The associations between age and performance on the TMT and SCWT tests are presented in Table 4. In the adjusted
model, a decline in executive function was observed with increasing age in young adult and middle-aged patients with
OSA. In young adult and middle-aged OSA patients, there was a significant increase in completion times for TMT-A
(B=0.359, p<0.001), TMT-B (B=0.661, p<0.001), and TMT-D (B=0.283, p=0.002) as age increased. Similarly, the
completion times for Stroop-word (B=0.197, p<0.001), Stroop-colour (B=0.233, p<0.001), and Stroop-incongruous tasks
(B=0.494, p<0.001) also increased with age. In primary snorers, completion time of TMT-B (B=0.316, p=0.048) and
Stroop-colour test (B=0.296, p=0.021) also increased with age.

6 hetps: Nature and Science of Sleep 2024:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Sui et al

Table 3 Executive Function Assessment

AHI<5/h 5< AHI<30/h AHI=30/h
(n=50) (n=100) (n=80)

Trail Making Test A and B (TMT)(sec)

TMT-A 2649 + 8.73 30.80 + 9.45* 28.48 (12.12)*
TMT-B 39.13 £9.20 47.39 £ 17.64* 46.05 (17.35)*
TMT-D 11.80 £9.17 16.34 (8.48)* 17.64 (12.33)*
Stroop Color-Word Test (SCWT)(sec)

Stroop-word 18.84 (4.70) 20.21 (5.22) 23.09 £ 5.15+*
Stroop-colour 25.19 (8.35) 24.83 (5.21) 27.25 (7.67)%
Stroop-incongruous 46.65 (12.55) 45.09 (14.11) 47.28 (13.70)

Notes: *p < 0.05 compared with AHI < 5/h. *p < 0.05 compared with 5< AHI <30/h.

Abbreviation: TMT-A, Trail Making Test A; TMT-B, Trail Making Test B; TMT-D, subtracting the performance time in TMT-
A from TMT-B; Stroop-word, Stroop Word Test; Stroop-colour, Stroop Colour Test; Stroop-incongruous, Stroop
Incongruous Test.

Table 4 The Association Between Age and Executive Function

OSA Cohort Primary snorers
Unadjusted Model Adjusted Model Unadjusted Model Adjusted Model
B (95% CI) p B (95% CI) p B (95% CI) P B (95% CI) p

T™MT

TMT-A 0.165(0.079,0.251) | 0.000 | 0.359(0.211,0.508) | 0.000 | 0.322(0.095,0.548) 0.007 | 0.228(—0.045,0.502) 0.099
TMT-B 0.304(0.178,0.431) | 0.000 | 0.661(0.450,0.872) | 0.000 | 0.505(0.243,0.767) 0.000 | 0.316(0.003,0.630) 0.048
TMT-D 0.134(0.036,0.232) | 0.008 | 0.283(0.104,0.462) | 0.002 | 0.143(—0.074,0.357) | 0.192 —0.212(-0.574,0.151) | 0.243
SCWT

Stroop-word 0.121(0.075,0.166) | 0.000 | 0.197(0.115,0.278) | 0.000 | 0.175(0.064,0.286) 0.003 | 0.097(-0.073,0.263) 0.252
Stroop-colour 0.118(0.060,0.176) | 0.000 | 0.233(0.121,0.325) | 0.000 | 0.323(0.100,0.546) 0.006 | 0.296(0.047,0.545) 0.021
Stroop-incongruous | 0.209(0.094,0.325) | 0.000 | 0.494(0.299,0.689) | 0.000 | 0.445(0.169,0.722) 0.000 | 0.331(—0.079,0.740) 0.110

Notes: Coefficients: unstandardized beta (B) coefficients (95% CI) from univariable and multivariable linear regression models are reported. Estimates: represent the change
in spindle metrics corresponding to a one-unit increase in AHI/h. Statistical adjustment: multivariable linear regression models were adjusted for AHI, arousal index, gender,
education, BMI, total sleep time and min-SpO2. The p value < 0.05 is highlighted in bold.

Abbreviation: TMT, Trail Making Test A and B; TMT-A, Trail Making Test A; TMT-B, Trail Making Test B; TMT-D, subtracting the performance time in TMT-A from TMT-B;
SCWT, Stroop Color-Word Test; Stroop-word, Stroop Word Test; Stroop-colour; Stroop Colour Test; Stroop-incongruous, Stroop Incongruous Test; Cl, confidence
interval.

Associations of Education and Executive Function

The associations between education and performance on the TMT and SCWT in OSA patients and primary snorers
were presented in Table 5. In patients with OSA, higher levels of education were associated with better executive
function performance. Specifically, individuals with higher education levels demonstrated shorter completion times on
both TMT tests (TMT-A, B=—1.125, p<0.001; TMT-B, B=-1.932, p<0.001; TMT-D, B=-0.777, p=0.025) and SCWT
tests (Stroop-word, B=—0.518, p=0.002; Stroop-color, B=—0.714 p=0.001; Stroop-incongruous, B=—1.601, p<0.001).
However, in primary snorers, completion time on the TMT tests and SCWT tests appeared to be independent of
education.

Associations of Sleep Spindle Metrics and Executive Function

The associations between sleep spindle metrics and executive function in both young adult and middle-aged patients with
OSA and primary snorers are presented in Tables 6-8. In the adjusted model, higher overall, fast and slow sleep spindle
density and longer sleep spindle duration during N2 sleep time were associated with reduced completion time on the
TMT-A test (B=—1.279, p=0.009; B=-1.542, p=0.048; B=—1.731, p=0.037; B=—13.932, p=0.027, respectively) and
TMT-B test (B=—1.813, p=0.008; B=—2.187, p=0.036; B=-2.449, p=0.034; B=—19.001, p=0.034, respectively) in
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Table 5 The Association Between Education and Executive Function.

OSA Cohort Primary snorers

Unadjusted Model Adjusted Model Unadjusted Model Adjusted Model

B (95% CI) p B (95% CI) p B (95% CI) p B (95% CI) p
T™T
TMT-A —1.218(-1.799,-0.636) | 0.000 | —1.125(—1.690,-0.560) | 0.000 | —0.850(—2.692,0.993) | 0.357 | —0.580(-2.352,1.191) | 0.510
TMT-B —2.110(=2.971,-1.249) | 0.000 | —1.932(—2.734,-1.131) | 0.000 | —0.030(-2.017,1.958) | 0.976 | 0.107(—1.727,1.940) | 0.906
TMT-D —0.871(—1.541,-0.202) | 0.011 | —0.777(—1.457,-0.097) | 0.025 | —0.104(—2.386,2.177) | 0.927 | —0.374(-2.691,1.943) | 0.745
SCWT
Stroop-word —0.663(—0.993,-0.334) | 0.000 | —0.518(—0.838,-0.199) | 0.002 | —0.667(—1.731,0.378) | 0.201 | —0.693(—1.750,0.450) | 0.238
Stroop-colour —0.849(—1.255,-0.443) | 0.000 | —0.714(—1.116,-0.312) | 0.001 | —0.778(-2.471,0.916) | 0.359 | —0.661(—2.303,0.917) | 0.387
Stroop-incongrous | —1.908(-2.691,-1.125) | 0.095 | —1.601(—2.360,-0.843) | 0.000 | —1.170(-3.715,1.376) | 0.359 | —0.756(—3.405,1.892) | 0.565

Notes: TMT, Trail Making Test A and B; TMT-A, Trail Making Test A; TMT-B, Trail Making Test B; TMT-D, subtracting the performance time in TMT-A from TMT-B; SCWT,
Stroop Color-Word Test; Stroop-word, Stroop Word Test; Stroop-colour, Stroop Colour Test; Stroop-incongruous, Stroop Incongruous Test; Cl, confidence interval.
Coefficients: unstandardized beta (B) coefficients (95% Cl) from univariable and multivariable linear regression models are reported. Estimates: represent the change in
spindle metrics corresponding to a one-unit increase in AHI/h. Statistical adjustment: multivariable linear regression models were adjusted for AHI, arousal index, gender,
age, BMI, total sleep time and min-SpO2. The p value < 0.05 is highlighted in bold.

young adult and middle-aged patients with OSA. Similarly, in the adjusted model, longer duration of sleep spindle during
N3 sleep time was associated with reduced completion time on the TMT-B test and Stroop-incongruous test (B=—29.916,
p=0.009; B=—21.303, p=0.035, respectively) in young adult and middle-aged patients with OSA. In the unadjusted
model, higher overall, fast and slow sleep spindle density and longer sleep spindle duration during N2 sleep time were
associated with better performance in Stroop-incongruous test (B=—2.183, p<0.001; B=—3.165, p<0.001; B=-2.382,
p=0.039; B=—17.664, p=0.002; respectively). However, in the adjusted model, the association was diminished. Moreover,
executive function was found to be independent of sleep spindle metrics in primary snorers. No other adjusted
associations of N2/N3 sleep spindle metrics with completion times of the TMT-D, Stroop-word, and Stroop-colour
tests were found in young adult and middle-aged patients with OSA and primary snorers.

Discussion

This study represents a pioneering investigation into the connections between sleep spindle metrics and executive
function in young adult and middle-aged patients with OSA and primary snorers while diligently considering potential
confounding factors. Remarkably, young adult and middle-aged patients with OSA exhibited a significant correlation
between impaired executive function, as assessed through the TMT and SCWT tests, and deficits of specific sleep spindle
metrics. Moreover, advanced age and lower educational attainment demonstrated associations with impaired executive
function in young adult and middle-aged patients with OSA. Intriguingly, no apparent association was observed between
sleep spindle metrics and executive function in primary snorers.

It is widely acknowledged that OSA presents a significant risk for cognitive impairment.*!*? Extensive research has
demonstrated that individuals with OSA often exhibit cognitive impairments, including deficits in attention, memory,
executive function, psychomotor function, and language abilities.’>> Our findings reveal that individuals with OSA
experience difficulties in executive function when compared to primary snorers. This aligns with previous research,
demonstrating that individuals with OSA who experience pronounced hypoxia (as indicated by AHI and min-SpO2) and
frequent sleep fragmentation (as measured by the arousal index) are particularly susceptible to executive dysfunction.****

In our study, patients with severe OSA had significantly decreased total sleep spindle density, fast sleep spindle
density, and slow sleep spindle density. This result was partially consistent with a large community-based cohort study on
OSA and sleep spindles, in which slow sleep spindle density decreased with increasing OSA severity.”> Furthermore, our
findings suggested that impaired executive performance in young and middle-aged OSA patients is associated with
reduced overall, fast and slow sleep spindle density during N2 sleep time. Moreover, it has been shown that CPAP
treatment for six months could reverse cognitive function and quantitative sleep EEG changes in OSA patients.35 These
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Table 6 The Association Between Sleep Spindle Metrics and TMT-A Test

OSA Cohort Primary Snorers
Unadjusted Model Adjusted Model Unadjusted Model Adjusted Model
B (95% CI) p B (95% CI) p B (95% CI) p B (95% CI) p

N2 sleep spindle metrics

Frequency (Hz) —1.663(—5.227,1.952) 0.356 —0.832(—4.218,2.533) 0.628 —2.141(-8.182,3.899) 0.477 —4.281(—12.228,3.666) 0.279
Amplitude (pV) 0.004(—0.056,0.065) 0.884 —0.001(—0.057,0.055) 0.964 —0.066(—0.233,0.101) 0.429 —0.023(—0.227,0.082) 0.821
Duration (sec) —15.248(—27.863,-2.633) 0.018 —13.932(—26.247,-1.616) 0.027 —14.197(—43.063,14.669) 0.325 —13.642(—50.269,22.985) 0.451
Overall density (11-16 Hz) —1.626(—2.333, —0.467) 0.003 —1.279(-2.240,-0.039) 0.009 0.059(—1.427,1.544) 0.937 0.199(—1.503,1.901) 0.812
Fast density (13-16 Hz) —1.994(-3.397,-0.591) 0.006 —1.542(-3.015,-0.070) 0.048 —0.250(—2.843,2.343) 0.846 —0.696(—3.781,2.385) 0.647
Slow density (I 1-13 Hz) —1.650(—3.344,0.044) 0.174 —1.731(-3.359,-1.102) 0.037 0.323(—1.926,2.572) 0.773 1.006(—1.633,3.644) 0.441
N3 sleep spindle metrics

Frequency (Hz) —1.108(-1.097,1.061) 0.626 —1.108(—1.097,1.061) 0.626 —1.484(—9.594,6.626) 0.711 —0.069(—12.241,12.103) 0.991
Amplitude (pV) 0.378(—0.495,1.251) 0.391 —0.418(—1.245,0.410) 0.318 —0.017(—0.086,0.053) 0.629 —0.030(—0.242,0.182) 0.771
Duration (sec) —25.474(—43.684,-7.264) 0.007 —14.874(-31.566, 1.818) 0.080 —20.832(—50.846,0.183) 0.167 —13.690(—52.950,25.571) 0.478
Overall density (11-16 Hz) —0.093(—0.498,0.311) 0.648 —0.104(—0.460,0.253) 0.565 0.477(—0.864,1.818) 0.474 0.061(—1.484,1.606) 0.936
Fast density (13-16 Hz) —0.151(—1.253,0.951) 0.786 —0.214(—1.188,0.76 1) 0.664 —0.414(—3.381,0.544) 0.778 —1.291(—4.954,2.372) 0.473
Slow density (I 1-13 Hz) —0.150(—0.729,0.430) 0.609 —0.155(—0.667,0.357) 0.549 0.288(—0.702,1.277) 0.196 0.604(—1.629,2.836) 0.581

Notes: Coefficients: unstandardized beta (B) coefficients (95% Cl) from univariable and multivariable linear regression models are reported. Estimates: represent the change in TMT-A completion time corresponding to a one-unit
increase in spindle metrics. Statistical adjustment: multivariable linear regression models were adjusted for age, AHI, arousal index, gender, education, BMI, total sleep time and min-SpO2. The p value < 0.05 is highlighted in bold.
Abbreviations: TMT-A, Trail Making Test A; Cl, confidence interval.
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Table 7 The Association Between Sleep Spindle Metrics and TMT-B Test

OSA Cohort Primary Snorers
Unadjusted Model Adjusted Model Unadjusted Model Adjusted Model
B (95% CI) P B (95% CI) P B (95% CI) p B (95% CI) P

N2 sleep spindle metrics

Frequency (Hz) —3.328(-8.767,2.111) 0.229 —1.452(—6.266,3.362) 0.552 —3.435(—10.802,3.932) 0.350 —4.213(-11.097,2.670) 0.219
Amplitude (pV) 0.007(—0.084,0.099) 0.874 0.007(—0.072,0.086) 0.861 —0.015(—0.224,0.194) 0.888 0.047(—0.132,0.227) 0.591
Duration (sec) —25.040(—43.999,-6.080) 0.010 —19.001(—36.541,-1.462) 0.034 —21.709(-57.103,13.685) 0.221 10.136(—27.463,47.735) 0.582
Overall density (11-16 Hz) —2.512(-3.198, —1.122) 0.001 —1.813(—3.143,-0.483) 0.008 0.116(—1.552,1.785) 0.888 1.189(-0.515,2.893) 0.163
Fast density (13—-16 Hz) —3.666(—5.800,-1.533) 0.001 —2.187(—4.226,-0.148) 0.036 —0.729(—4.928,3.471) 0.726 0.449(—2.705,3.604) 0.772
Slow density (I 1-13 Hz) —2.866(—5.833,-0.345) 0.026 —2.449(—4.705,-0.194) 0.034 0.322(—1.918,2.563) 0.772 2.241(—0.182,4.665) 0.068
N3 sleep spindle metrics

Frequency (Hz) 2.648(—10.784,16.152) 0.693 7.605 (—4.520,19.730) 0.215 —0.485(—10.587,9.618) 0.992 —3.206(—16.363,9.951) 0.617
Amplitude (pV) 1.095(—0.057,2.247) 0.062 0.162(—0.994,1.318) 0.781 0.073(—0.133,0.280) 0.472 0.058(—0.312,0.196) 0.637
Duration (sec) —37.399(—61.304,-13.495) 0.003 —29.916(—52.001,-7.832) 0.009 —11.980(—22.623,-1.296) 0.028 —18.111(—69.627,13.305) 0.172
Overall density (11-16 Hz) —0.509(—1.917,0.898) 0.474 —0.645(—2.370,1.079) 0.458 0.773(-0.752,2.298) 0.308 0.248(—1.464,1.960) 0.766
Fast density (13—-16 Hz) —1.411(-3.540,0.718) 0.191 —1.489(—3.689,0.712) 0.182 1.386(—3.321,-0.019) 0.403 —0.163(—4.263,3.937) 0.935
Slow density (I 1-13 Hz) —2.120(-5.821,1.581) 0.258 —1.619(—5.463,2.224) 0.404 1.092(-1.212,3.397) 0.339 0.568(—1.878,3.014) 0.633

Notes: Coefficients: unstandardized beta (B) coefficients (95% Cl) from univariable and multivariable linear regression models are reported. Estimates: represent the change in TMT-B completion time corresponding to a one-unit
increase in spindle metrics. Statistical adjustment: multivariable linear regression models were adjusted for age, AHI, arousal index, gender, education, BMI, total sleep time and min-SpO2. The p value < 0.05 is highlighted in bold.
Abbreviations: TMT-B, Trail Making Test B; CI, confidence interval.
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Table 8 The Association Between Sleep Spindle Metrics and Stroop-Incongruous Test

OSA Cohort Primary Snorers
Unadjusted model Adjusted Model Unadjusted Model Adjusted Model
B (95% CI) P B (95% CI) P B (95% CI) p B (95% CI) P

N2 sleep spindle metrics

Frequency (Hz) —2.078(-7.125,2.970) 0417 —2.891(-7.351,1.534) 0.199 —2.985(—10.393,4.422) 0.420 —7.533(—18.684,3.579) 0.176
Amplitude (pV) —0.002(—0.080,0.077) 0.965 —0.030(—0.102,0.043) 0.420 0.016(—0.203,0.234) 0.885 —0.118(—0.404,0.168) 0.404
Duration (sec) —17.664(—44.156,-10.531) 0.002 —10.554(—26.966,5.895) 0.206 —8.272(—41.820,25.275) 0.620 1.558(—51.348,54.465) 0.952
Overall density (11-16 Hz) —2.183(—3.348,-1.018) 0.000 —0.855(—2.140,0.429) 0.190 0.391(—1.392,2.174) 0.659 0.749(—1.621,3.119) 0.522
Fast density (13—16 Hz) —3.165(—4.853,-1.477) 0.000 —1.115(=3.176,0.846) 0.263 0.155(-2.975,3.284) 0.921 —0.016(—4.351,4.320) 0.994
Slow density (I 1-13 Hz) —2.382(—4.639,-0.125) 0.039 —1.086(—3.276,1.103) 0.328 0.687(—1.977,3.352) 0.604 1.848(—1.820,5.516) 0.311
N3 sleep spindle metrics

Frequency (Hz) —7.782(—20.160,4.595) 0.214 —1.736(—12.417,8.944) 0.505 3.836(—7.787,0.456) 0.505 1.907(—17.231,21.044) 0.839
Amplitude (pV) 1.289(—3.749,6.327) 0.611 2.273(—3.543,7.889) 0.450 0.255(0.007,0.503) 0.045 0.295(-0.061,0.652) 0.100
Duration (sec) —29.887(-51.176,-8.599) 0.007 —21.303(—41.016,-1.589) 0.035 —24.869(—68.561,18.823) 0.254 —7.145(—69.548,55.259) 0.815
Overall density (1 1-16 Hz) 0.135(-0.359,0.630) 0.587 0.184(—0.229,0.598) 0.337 1.254(—0.638,3.146) 0.186 0.919(—1.480,3.319) 0.463
Fast density (13-16 Hz) 0.249(—1.234,1.731) 0.739 0.335(—0.909,1.580) 0.593 0.820(—3.450,5.090) 0.698 —0.307(—6.136,5.522) 0914
Slow density (11-13 Hz) 0.217(-0.485,0.920) 0.540 0.296(—0.290,0.882) 0.317 1.481(-0.319,3.281) 0.080 1.958(—1.366,5.282) 0.226

Notes: Stroop-incongruous, Stroop-incongruous Test; Cl, confidence interval. Coefficients: unstandardized beta (B) coefficients (95% Cl) from univariable and multivariable linear regression models are reported. Estimates: represent the
change in Stroop-incongruous completion time corresponding to a one-unit increase in spindle metrics. Statistical adjustment: multivariable linear regression models were adjusted for age; AHI, arousal index, gender, education; BMI, total
sleep time and min-SpO2. The p value < 0.05 is highlighted in bold.
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results strongly support previous findings in the field that altered sleep spindle morphology (lower spindle frequency,
higher amplitude and density) could predict cognitive performance.'>'®?*3%37 In addition, our study makes a novel
contribution by identifying the duration of the sleep spindle both during N2 and N3 sleep times as a significant marker of
executive function.

In our study, we found a negative association between age and executive performance in both young adult and
middle-aged patients with OSA and primary snorers. Imbalances in thalamo-cortical circuits are part of the natural aging
process. In particular, executive functions that depend on cognitive functions in the medial temporal and prefrontal cortex
show significant age-related declines.*® Consistent with previous research, we identified a decline in psychomotor
functions, processing speed, and higher-order executive functions such as cognitive flexibility, divided attention, response
monitoring, and task switching with increasing age.*® Supporting previous findings, our study also revealed a decline in
inhibitory control, specifically, the ability to refrain from incorrect responses, with aging in both young adult and middle-
aged patients with OSA and primary snorers.*’

We found that education plays an important role in preserving executive functions in young adult and middle-aged
patients with OSA. Illiteracy and low level of educational attainment increase the incidence of cognitive impairment,”’
on the contrary, high level of education as one of the indicators of cognitive reserve (CR) delays cognitive decline.***?
Recent studies have shown that CR contributes to the enhancement of thalamo-cortical functional connectivity in young
adults and stabilizes cognitive variability in middle-aged adults.**** In young adult and middle-aged patients with OSA,
we discovered that greater CR (as measured by years of education) was associated with improved executive function.
This suggests that CR acts protectively against executive dysfunction in young adult and middle-aged patients with OSA.
A recent regression study conducted with elderly individuals also highlighted the association between CR and attention,
executive function, verbal memory, and working memory, partially supporting our findings in young adult and middle-
aged OSA patients.*®

Our study suggested that the sleep spindle metrics serve as independent and sensitive indicators of executive function in
young adult and middle-aged patients with OSA. In our study, we initially observed that young adult and middle-aged OSA
patients with higher overall, fast and slow sleep spindle density, as well as longer duration of sleep spindles during N2 sleep
time, exhibited reduced psychomotor functions and processing speed. We also found similar results of sleep spindle metrics
during N2 sleep time in executive functions, including cognitive flexibility, divided attention, response monitoring, and task
switching. Moreover, our study revealed a positive association between longer spindle duration during N3 sleep time and
improvements in executive function, as well as working memory and inhibitory control, respectively. The sleep spindle
oscillation is generated by the TRN in combination with the dorsal thalamus and is then transmitted to the cortex. In the cortex,
the sleep spindles are synchronized and amplified, while thalamic-cortical connections maintain and regulate the duration of
the sleep spindle oscillation.*”** Therefore, individual characteristics of spindles, such as amplitude, density, and duration,
reflect the integrity of the underlying thalamo-cortical network. Deficits in these parameters indicate dysfunctions in
complementary thalamo-cortical neuronal circuits in psychiatric disorders.*” Although there is no direct evidence of impaired
thalamo-cortical functional connectivity in patients with OSA, our findings supported the utility of sleep spindle metrics as
useful executive function markers in this population. Consistent with previous studies in healthy sedentary middle-aged and
older adults, we confirmed that higher overall and fast sleep spindle density were associated with better executive function and
less cognitive decline.’® Additionally, in our study, we observed that a higher density of slow sleep spindles was significantly
associated with better performance in the TMT-A and TMT-B test among patients. In contrast to a community-based cohort
study in middle-aged and older adults,”* we did not observed an association between fast sleep spindle density and TMT-B test
during N3 sleep time; instead, we observed that longer sleep spindle duration was significantly associated with better TMT-B
performance in this period.

We conducted a comprehensive investigation of the relationship between sleep spindle metrics and executive functioning
in young adult and middle-aged patients with OSA, and age and education were not negligible as important associations on
cognition. The study utilized a novel U-Net-type neural network to detect sleep spindles from electroencephalogram (EEG)
recordings. The main strength of our study was that we first focused on young and middle-aged adults with objectively
measured sleep spindles and multiple standardized and validated cognitive tests. Sleep spindle metrics could be used to
monitor the effectiveness of OSA interventions. Improvements in specific sleep spindle characteristics might serve as
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objective EEG indicators of OSA treatment. However, it is worth noting that our study design was cross-sectional, which
limited our ability to determine causality. In addition, due to practical constraints, we performed only one night of PSG,
although multiple nights of sleep testing would be desirable. Although our study focused on the link between executive
function and sleep spindles in patients with OSA, cognitive deficits were observed in multiple domains. We need to further
investigate the relationship between sleep spindles and other important cognitive functions.

Conclusion

In conclusion, our study investigated the associations between sleep spindle metrics and executive function and
confirmed that sleep spindle metrics serve as independent sensitive indicators of executive function, although age and
education play an irreplaceable role. We found that sleep spindle metrics, particularly higher overall density, fast density
and slow density during N2 sleep time, and longer duration during N2 and N3 sleep time, were associated with better
executive function. These findings highlight the importance of considering sleep spindle metrics and their impact on
executive function in clinical practice and research. Future research should focus on investigating the underlying
mechanisms linking sleep spindle metrics and executive function.
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