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Background and purpose: Obstructive sleep apnoea is associated with excessive daytime sleepiness due to sleep fragmentation and hypoxemia, both of which can lead to abnormal brain morphology. However, the pattern of brain structural changes associated with excessive daytime sleepiness is still unclear. This study aims to investigate the effects of excessive daytime sleepiness on cortical thickness in patients with obstructive sleep apnoea.

Materials and methods: 61 male patients with newly diagnosed obstructive sleep apnoea were included in the present study. Polysomnography and structural MRI were performed for each participant. Subjective daytime sleepiness was assessed using the Epworth Sleepiness Scale score. Surface-based morphometric analysis was performed using Statistical Parametric Mapping 12 and Computational Anatomy 12 toolboxes to extract cortical thickness.

Results: Using the median Epworth Sleepiness Scale score, patients were divided into the non-sleepiness group and the sleepiness group. The cortical thickness was markedly thinner in the sleepiness group in the left temporal, frontal, and parietal lobe and bilateral pre- and postcentral gyri (pFWE < 0.05). There was a significant negative correlation between the cortical thickness and the Epworth Sleepiness Scale score. After adjusting for age, body mass index, and obstructive sleep apnoea severity, the Epworth Sleepiness Scale score remained an independent factor affecting the cortical thickness of the left middle temporal lobe, transverse temporal and temporal pole.

Conclusion: Subjective daytime sleepiness is associated with decreased cortical thickness, and the Epworth Sleepiness Scale score may be of utility as a clinical marker of brain injury in patients with obstructive sleep apnoea.
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1. Introduction

Obstructive sleep apnoea (OSA) is a disorder characterized by obstructive apnoeas and hypopneas caused by repetitive collapse of the upper airway during sleep. Common presentations include daytime fatigue and snoring, and OSA has been shown to be associated with many other conditions including anxiety and depression, cognitive impairment, as well as raised risks of cardiovascular and cerebrovascular comorbidities (1–5). Excessive daytime sleepiness (EDS) is the most common complaint in OSA patients seeking outpatient treatment and an important criterion for the diagnosis and treatment of OSA. Our previous study found that 50% of OSA patients complained of subjective daytime sleepiness (6). EDS, in particular, is known to be a predisposing factor for cognitive impairment, accidents, interpersonal problems, and reduced productivity among OSA patients (4, 7–10).

Several previous voxel-based morphometric (VBM) studies have attempted to examine the relationship between EDS and brain injury in patients with OSA. Dusak compared 22 OSA patients and 20 controls and reported that OSA cases exhibited smaller hippocampal volumes compared to controls and lower hippocampal volumes were associated with higher Epworth Sleepiness Scale (ESS) scores, i.e., more severe EDS (11). Subsequently, Sforza reported a similar finding that EDS is associated with brain morphology abnormalities in the bilateral hippocampal regions in older patients with OSA (12). However, while current research on EDS-related brain changes mainly focuses on the structural alterations in the hippocampal region, few studies have explored such changes across the entire brain. Given the generalized EDS-related cognitive impairments in aspects beyond memory, such as attention, concentration, and temporal orientation (13, 14), it is possible that these impairments are indicative of cortical changes elsewhere in the brain, not limited to the hippocampus. Indeed, in a recent large cross-sectional study of healthy middle-aged and elderly people, it was demonstrated that the presence of EDS was associated with both global and regional atrophy, and cortical thinning predicted by EDS was maximal in the temporal region (15). Another study that focused on gray matter volume in the ventromedial prefrontal cortex also identified a cluster negatively correlated with sleepiness (16). As such, this study sets out to examine the brain-wide EDS-related structural changes in an OSA cohort who are particularly prone to daytime sleepiness.

Methodologically, in studies of the OSA patient cohorts, surface-based morphometry (SBM) has been increasingly adopted as an alternative to the VBM approach (17, 18), as the former was designed to better captures fine changes in regional structures (19, 20). Furthermore, volume is a gross measure that captures both a region’s surface area and cortical thickness, each of which might separately convey distinct pathophysiological implications. Notably, a study by Baril et al. (18) presented for the first time consistent hypertrophic changes in diffuse brain regions correlated with degree of nocturnal hypoxemia in OSA patients, while no significant differences were found in the same cohort using the VBM approach.

In this study, we adopted the technique of surface-based morphometry (SBM) to reveal potential cortical thickness changes in middle-aged OSA patients and we hypothesized that EDS may exert a brain-wide effect on the cortical thickness of the OSA brain.



2. Methods


2.1. Participants

This study included 61 male patients (aged 25 to 60 years) who were newly-diagnosed and untreated individuals with OSA received between August 2020 to June 2021 at the sleep center of the Second Affiliated Hospital of Soochow University. Only male patients were included in the study, as previous large-sample studies found that the clinical phenotype of female OSA patients differs from that of male patients (21, 22). Moreover, another study found more severe OSA-related white matter tract damages in female patients than their male counterparts with similar OSA severity (23). Therefore, given OSA is a significantly male-dominant disorder [approximately 50%–200% higher prevalence in males (24–26)], the present study chose to include only male patients to reduce sample heterogeneity. The exclusion criteria were as follows: (1) participants with a history of neurological conditions (e.g., stroke, transient-ischemic attack, Alzheimer’s disease, or Parkinson’s disease), significant respiratory conditions (e.g., asthma, chronic obstructive pulmonary disease), or other medical conditions that might affect sleep or induce sleepiness (e.g., insomnia, depression, major depressive disorder, restless leg syndrome, central sleep apnoea); (2) participants who take benzodiazepines and other drugs that causes daytime sleepiness; (3) EDS caused by other diseases; (4) the effective polysomnography recording time was less than 7 h. The participants in the study gave informed consent and the study protocol was approved by the Research Ethics Committee of the Second Affiliated Hospital of Soochow University, Suzhou, China.



2.2. Polysomnography and subject EDS evaluation

The participants underwent overnight, supervised, laboratory-based video polysomnography using the Compumedics Grael multifunctional PSG monitoring system. Sleep staging and sleep-related respiratory analyses were scored manually by a registered technician according to the AASM scoring criteria (3). Apnea was defined as any airflow reduction greater than 90% that lasted longer than 10s. Hypopnea was defined as >3% desaturation from pre-event baseline or arousal. The AHI was defined as the sum of the number of apnea and hypopnea per hour of sleep. Other measures included total sleep time (TST), sleep efficiency, oxygen desaturation index (ODI), proportion of sleep time with SaO₂ < 90% (T90), lowest oxygen saturation (LSaO2), arousal index, and proportions of each sleep stage. Subjective EDS was evaluated using ESS (27) and was administered at the time of the clinical evaluation on the morning of the diagnostic PSG.



2.3. Magnetic resonance imaging and pre-processing

Magnetic resonance structural images were collected using a T1-weighted magnetization-prepared rapid-acquisition gradient echo sequence on a 3 T Siemens Prisma MRI scanner. Acquisition parameters for the T1-weighted sequence were as follows: 240 sagittal slices with a 256 × 256 in-plane resolution; repetition time was set at 2.3 s, echo time at 2.34 milliseconds, inversion time at 900 milliseconds, and flip angle at 8°. The voxel size was 1.0 × 1.0 × 1.0 mm3. The acquired structural MR images were pre-processed and analyzed using the Statistical Parametric Mapping toolbox (Wellcome Trust Centre for Neuroimaging, London, UK1) and the Computational Anatomy Toolbox 12 (28) in MATLAB (MathWorks, 2020). The T1-weighted images were subjected to bias field correction and tissue segmentation. The images were then normalized to the International Consortium for Brain Mapping template space.



2.4. Surface extraction and mesh construction

The spatially normalized images were further processed in a separate Computational Anatomy Toolbox 12 surface-based pipeline to produce a normalized surface mesh for each participant. Cortical thickness was estimated as the distance between the outer and inner gray matter boundary surfaces. The resultant images of cortical thickness were smoothed using an isotropic Gaussian kernel of 15 mm. Finally, the mean value for cortical thickness across 72 surface ROIs were extracted using the Desikan-Killiany DK40 atlas (29).



2.5. Statistical analyses

The smoothed cortical thickness images were entered into a general linear model at the group level, with two covariates adjusting for age and BMI. Two t contrasts were created: (1) non-sleepiness > sleepiness and (2) sleepiness > non-sleepiness. For each contrast, the threshold-free cluster enhancement approach was used with 5,000 permutations to generate a non-parametric cluster inference that is not dependent on an artificially chosen cluster-level threshold (30). This corrects for the family-wise error (FWE) in the multiple statistical tests in the mass-univariate analysis, mitigating for the false discovery effect. For the subsequent ROI analysis, correlational analyses and multiple regressions adjusting for multiple clinical covariates were conducted to investigate the association between ESS scores and the mean cortical thickness in the ROIs. Other than the SPM12 and CAT12 pipelines, all other statistical analyses were conducted in SPSS 25.0 software.




3. Results


3.1. Demographic, clinical, and sleep characteristics

Using a cut-off at median ESS score = 8.0 (Inter-quartile range = 4.0–12, see Supplemental Materials for a histogram), patients were divided into the non-sleepiness group (ESS < 9) and the sleepiness group (ESS ≥ 9) (See Supplementary Figure 1 for the histogram of ESS scores). Using the median ESS as a cut-off ensures a better sample size balance between groups.

Using a cut-off at median ESS score = 8.0 (Inter-quartile range = 4.0–12, see Supplemental Materials for a histogram), patients were divided into the non-sleepiness group (ESS < 9) and the sleepiness group (ESS ≥ 9) (See the Supplementary Figure 1 for the histogram of ESS scores). Using the median ESS as a cut-off ensures a better sample size balance between groups. The demographic and clinical characteristics of OSA patients were shown in Table 1. The ESS sleepiness scale scores were higher and the symptom of somnolence was more prevalent in the sleepiness group as expected. Age, education attainment, were similar between groups. Although there was no significant difference in the prevalence of hypertension between the two groups, the systolic and diastolic blood pressure after sleep in the sleepiness group was higher.



TABLE 1 Demographic and clinical characteristics of OSA patients.
[image: Table1]

Polysomnographic parameters were presented in Table 2. Patients with sleepiness showed higher levels of both sleep apnoea and intermittent hypoxia. Sleepiness and non-sleepiness subjects had similar total sleep time, sleep efficiency, and proportion of non-rapid eye movement 1 and 2 sleep, although the patients with sleepiness were found to have a lower proportion of non-rapid eye movement 3 sleep. The respiratory-associated arousal index was higher in the sleepiness group.



TABLE 2 Polysomnographic parameters of OSA patients.
[image: Table2]



3.2. Cortical thickness group comparison

Findings from the statistical parametric mapping analysis are summarized in Table 3 and illustrated in Figure 1. In the non-sleepiness > sleepiness contrast, OSA patients with higher ESS score showed significant cortical thinning in bilateral precentral (left: pFWE = 0.01, right: pFWE = 0.04), postcentral (left: pFWE = 0.01, right: pFWE = 0.04) and caudal middle frontal gyrus (left: pFWE = 0.01, right: pFWE = 0.04), left superior, middle and inferior temporal lobe (pFWE = 0.01), left insula (pFWE = 0.01), left superior frontal lobe (pFWE = 0.04) and part of the left superior and inferior parietal lobe (pFWE = 0.04). For the inverse contrast of sleepiness > non-sleepiness, no significant cluster of cortical thickening was found. In addition, to cross check the results, a parallel analysis using a linear regression model was conducted and results show a similar pattern of differential brain structural changes associated with lower numeric ESS scores, albeit less statistically significant (See the Supplementary Table S1, Figure S2).



TABLE 3 Clusters of differential brain structure between groups.
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FIGURE 1
 Group Differences in Cortical thickness. Group differences in average cortical thickness between the two groups (ESS ≥ 9 vs. ESS < 9). The ESS ≥ 9 group showed significantly thinner bilateral precentral gyrus, postcentral gyrus and caudal middle frontal gyrus, left superior frontal lobe, left superior, middle and inferior temporal lobe, left insula and part of the left superior and inferior parietal lobe (TFCE, pFWE < 0.05).




3.3. Cortical thickness and The ESS score

A significant negative correlation between cortical thickness and ESS score was found in the left postcentral, middle temporal gyrus, temporal pole, transverse temporal, and bilateral para opercularis regions (all p < 0.05, shown in Figure 2). A further multiple regression analysis was conducted to adjust for the effects of age, BMI, and various polysomnography metrics of OSA severity: apnoea-hypopnea index, oxygen desaturation index, minimum pulse oxygen saturation, Proportion Time with SaO₂ < 90%, sleep efficiency and proportions of each stage of non-rapid eye movement and rapid eye movement sleep. ESS score was shown to be an independent factor affecting the cortical thickness of left middle temporal lobe (β = −0.292, p = 0.02), transverse temporal (β = −0.262, p = 0.03) and temporal pole (β = −0.333, p = 0.01).

[image: Figure 2]

FIGURE 2
 Correlation between ESS scores and cortical thickness in OSA patients. The scatterplots showing the relationship between ESS score and average cortical thickness.





4. Discussion

Excessive Daytime Sleepiness (EDS) is the cardinal symptom for which many obstructive sleep apnoea patients seek medical advice even in milder cases. According to epidemiological studies, the incidence of EDS in patients with OSA was as high as 12%–65% (7, 31–33). Our previous study also found that using a cut-off of ESS ≥ 9, approximately 50%–75% of Chinese patients with moderate to severe OSA are comorbid with EDS (6). EDS manifests in various ways, with multiple adverse behavioral health outcomes, including falling asleep while driving, a major public safety issue, and it is shown to be a contributor to increased risk of outpatient physician visits and hospitalizations (10, 34, 35). It also impacts cognitive functioning as reflected by impaired attention, alertness, memory deficit, and executive function, leading to decreased productivity, overall impaired social function, and poor quality of life (36, 37). However, no consensus has been reached on the exact mechanism of these cognitive impairments.

Our present paper is one of the earlier studies examining the association between ESS score and cortical thickness in OSA patients. We found that higher levels of ESS score were associated with decreased cortical thickness in the frontal, temporal, and parietal lobes, especially in the left hemisphere, and the results remained significant after family wise error correction based on Random Field Theory. Moreover, after adjusting for age, BMI, education, and the degree of OSA severity and hypoxia, ESS still significantly predicted the cortical thickness in the left middle and transverse temporal lobe, and the left temporal pole. That is, the degree of daytime sleepiness accounts for some additional variance in the regional cortical thickness that was not attributable to other demographic and clinical parameters. This may suggest that certain pathophysiological processes underlying EDS (see discussion below on potential mechanisms) might not be captured by the conventional polysomnography parameters that measure OSA severity and hypoxia.

These EDS-associated regional changes found in our study are in alignment with results from previous studies showing some of these regions’ involvement in cognitive impairment. For example, the cortical thinning of the superior frontal lobe has been shown to be related to dementia conversion in patients with Parkinson’s disease (38). The cortical thinning of the superior temporal gyrus was also shown to be associated with dysfunction of auditory and speech comprehension (39). In addition, parietal structural changes may be related to the inability to maintain spatial attention and visual memory impairments (40, 41). It is worth mentioning that cortical thinning was also observed in the precentral and post-central regions that control the sensation and movement of the upper airway, and structural alterations in these results could potentially contribute to the pathogenesis of OSA (42–44). Nonetheless, it should be noted that the direction of causality cannot be established from current observational evidence and further studies are needed to determine whether the sleepiness stems from the affected brain regions, or sleepiness and its underlying sleep deprivation led to the damage in these regions.

A possible mechanism that could contribute to the EDS-related brain structural changes is the reduction of slow wave sleep. Previous research has shown that patients with EDS exhibit decreased slow wave sleep, consistent with our results where the proportion of non-rapid eye movement 3 sleep was significantly lower in the sleepiness group. Slow waves in neural activity contribute to memory consolidation, and memory impairment is associated with suppressed slow waves (45, 46). During slow wave sleep, an increase in cerebrospinal fluid flow has been linked to enhanced metabolic waste removal in the brain. A reduction in slow-wave sleep would therefore lead to a decreased cerebrospinal fluid flow, the accumulation of metabolic waste, and thus brain function impairments (47). Indeed, it has been demonstrated that lower slow wave sleep duration was associated with increased generalized atrophy at autopsy (48). Moreover, studies have shown that decreased slow wave sleep is also correlated with an increase in Aβ in middle-aged and elderly healthy adults (49, 50), potentially due to the reduced metabolic waste removal. This can further increase neuronal excitability (51) and induce cortical thinning in the brain (52). Hence, a combination of the reduced cerebrospinal fluid flow and β-amyloid accumulation could offer an explanation for the cortical thinning not accounted for by any other OSA- or hypoxia-related parameters in our study.

Apart from the EDS-related structural changes, a secondary finding of the present study is that the sleepiness group suffered from more significant hypoxia, as manifested by the elevated oxygen desaturation index and reduced MinSaO2 and Proportion Time with SaO₂ < 90% (TS90%). This is consistent with our previous research results, where nocturnal hypoxemia is shown to be the main determinant of EDS in OSA patients. Many studies have shown that chronic intermittent hypoxia of OSA leads to oxidative stress, neuroinflammatory responses, damages vascular endothelial cells, affects synaptic plasticity, increases apoptosis and autophagy, and finally damages the structure and function of the central nervous system. However, not all studies so far observed hypoxic damage to the brain (18). In fact, the relationship between hypoxia and the brain may be complex. Rosenzweig et al. (53) proposed that the hypoxic processes in OSA act on the brain through a combination of adaptive and maladaptive processes, thus resulting in a mixture of gray matter hypertrophy/atrophy, and an increase/decrease in cortical thickness. For example, in processes associated with intermittent hypoxia and reactive oxygen/nitrogen species (ROS/RNS), low levels of ROS/RNS convey beneficial effects by modulatory cellular functions through factors such as HIF-1 and Nrf2 while high levels of the same species exert significant inflammatory pressure through NF-kB and AP-1 (54). In our study, we observed an unequivocal decrease in cortical thickness in OSA patients with severe EDS, suggesting that EDS may be a behavioral marker of hypoxia-induced maladaptive brain injuries, in contrast to the adaptive processes. Therefore, clinicians need to pay more attention to the changes in brain structure and functions in these OSA patients with EDS.

Lastly, methodologically, it is worth noting that this study followed the guideline laid out by a critical meta-analysis of 12 voxel-based morphometry studies in OSA patients, which attributed the lack of consistent results among studies to methodological flaws and inconsistencies (55). Specifically, in this study, high spatial resolution MR images (1 mm3) were used; newest available analysis software SPM12 and CAT12 with an elastic registration algorithm (Geodesic Shooting) was used; Statistical analysis was conducted with correction for multiple testing; A total of 61 participants were included in the study; covariates such as age and BMI were adjusted for in the analyses.



5. Limitations

This study has the following limitations. Firstly, although the present study included only male subjects to reduce sample heterogeneity given the cross-gender divergence in clinical and neuro-morphological phenotypes (see methods for details), it nevertheless comes at the cost of the comprehensiveness of the results. Secondly, an inherent shortcoming of the surface-based morphometry approach is that it captures only changes on the generalized cortical surfaces and is unable to detect changes in deep subcortical structures such as hippocampus. Future studies should employ higher resolution MR images and toolboxes that allow the examination of hippocampal subfields, to shine a light upon the subregional volumetric changes in these regions. Furthermore, our study did not include specific measures of cognitive function tests that might correlate with the observed ESS-related brain structural changes. Lastly, a more comprehensive examination in the future should also include a CPAP-treatment group to determine the potential reversibility of such brain structural alterations.



6. Conclusion

In conclusion, this study provides clear evidence of daytime sleepiness-associated cortical thinning in male OSA patients, with effects distributed across various subregions of the frontal, parietal and temporal lobes. In turn, this suggests ESS scores may be of clinical utility as a functional marker for early brain injuries in male OSA patients.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Research Ethics Committee of the Second Affiliated Hospital of Soochow University, Suzhou, China. The patients/participants provided their written informed consent to participate in this study.



Author contributions

RC and EW designed and supervised the study and revised the manuscript. JW, CC, TS, SW, and FH collected data. YL, JW, CC, and TS analyzed data. YL, JW, and DJC interpreted results and drafted the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Nature Science Foundation of China (grant numbers: 82070095, 81900085 and 81770085); The Science, Education and Health of Suzhou Youth Science and Technology Project (grant number: KJXW2021016).



Acknowledgments

The authors are grateful to all patients who participated in the present study. And also grateful to Qiaojun Wang, Xing Xu, Xiao-xiao Han, Qilin-Zhu, and Jiubo-Wang at the sleep center of The Second Affiliated Hospital of Soochow University, Suzhou, China, who helped collect and analyze the data.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1019457/full#supplementary-material



Footnotes

1   www.fil.ion.ucl.ac.uk/spm




References

 1. Benjafield,AV, Ayas,NT, Eastwood,PR, Heinzer,R, Ip,MSM, Morrell,MJ , et al. Estimation of the global prevalence and burden of obstructive sleep apnoea: a literature-based analysis. Lancet Respir Med. (2019) 7:687–98. doi: 10.1016/S2213-2600(19)30198-5


 2. Gottlieb,DJ, and Punjabi,NM. Diagnosis and Management of Obstructive Sleep Apnea: a review. JAMA. (2020) 323:1389–400. doi: 10.1001/jama.2020.3514


 3. Kapur,VK, Auckley,DH, Chowdhuri,S, Kuhlmann,DC, Mehra,R, Ramar,K , et al. Clinical practice guideline for diagnostic testing for adult obstructive sleep apnea: an American Academy of sleep medicine clinical practice guideline. J Clin Sleep Med. (2017) 13:479–504. doi: 10.5664/jcsm.6506


 4. Kim,H, Thomas,RJ, Yun,CH, Au,R, Lee,SK, Lee,S , et al. Association of Mild Obstructive Sleep Apnea with Cognitive Performance, excessive daytime sleepiness, and quality of life in the general population: the Korean genome and epidemiology study (KoGES). Sleep. (2017) 40:17–9. doi: 10.1093/sleep/zsx012


 5. Geovanini,GR, Wang,R, Weng,J, Jenny,NS, Shea,S, Allison,M , et al. Association between obstructive sleep apnea and cardiovascular risk factors: variation by age, sex, and race. The multi-ethnic study of atherosclerosis. Ann Am Thorac Soc. (2018) 15:970–7. doi: 10.1513/AnnalsATS.201802-121OC 

 6. Chen,R, Xiong,KP, Lian,YX, Huang,JY, Zhao,MY, Li,JX , et al. Daytime sleepiness and its determining factors in Chinese obstructive sleep apnea patients. Sleep Breath. (2011) 15:129–35. doi: 10.1007/s11325-010-0337-4


 7. Gandhi,KD, Mansukhani,MP, Silber,MH, and Kolla,BP. Excessive daytime sleepiness: a clinical review. Mayo Clin Proc. (2021) 96:1288–301. doi: 10.1016/j.mayocp.2020.08.033


 8. Lal,C, Weaver,TE, Bae,CJ, and Strohl,KP. Excessive daytime sleepiness in obstructive sleep apnea. Mechanisms and clinical management. Ann Am Thorac Soc. (2021) 18:757–68. doi: 10.1513/AnnalsATS.202006-696FR 

 9. Léger,D, and Stepnowsky,C. The economic and societal burden of excessive daytime sleepiness in patients with obstructive sleep apnea. Sleep Med Rev. (2020) 51:101275. doi: 10.1016/j.smrv.2020.101275


 10. Ronksley,PE, Hemmelgarn,BR, Heitman,SJ, Flemons,WW, Ghali,WA, Manns,B , et al. Excessive daytime sleepiness is associated with increased health care utilization among patients referred for assessment of OSA. Sleep. (2011) 34:363–70. doi: 10.1093/sleep/34.3.363


 11. Dusak,A, Ursavas,A, Hakyemez,B, Gokalp,G, Taskapilioglu,O, and Parlak,M. Correlation between hippocampal volume and excessive daytime sleepiness in obstructive sleep apnea syndrome. Eur Rev Med Pharmacol Sci. (2013) 17:1198–204.


 12. Sforza,E, Celle,S, Saint-Martin,M, Barthélémy,JC, and Roche,F. Hippocampus volume and subjective sleepiness in older people with sleep-disordered breathing: a preliminary report. J Sleep Res. (2016) 25:190–3. doi: 10.1111/jsr.12367


 13. Ohayon,MM, and Vecchierini,MF. Daytime sleepiness and cognitive impairment in the elderly population. Arch Intern Med. (2002) 162:201–8. doi: 10.1001/archinte.162.2.201


 14. Ferini-Strambi,L, Baietto,C, Di Gioia,MR, Castaldi,P, Castronovo,C, Zucconi,M , et al. Cognitive dysfunction in patients with obstructive sleep apnea (OSA): partial reversibility after continuous positive airway pressure (CPAP). Brain Res Bull. (2003) 61:87–92. doi: 10.1016/S0361-9230(03)00068-6


 15. Carvalho,DZ, St Louis,EK, Boeve,BF, Mielke,MM, Przybelski,SA, Knopman,DS , et al. Excessive daytime sleepiness and fatigue may indicate accelerated brain aging in cognitively normal late middle-aged and older adults. Sleep Med. (2017) 32:236–43. doi: 10.1016/j.sleep.2016.08.023


 16. Killgore,WD, Schwab,ZJ, Kipman,M, DelDonno,SR, and Weber,M. Voxel-based morphometric gray matter correlates of daytime sleepiness. Neurosci Lett. (2012) 518:10–3. doi: 10.1016/j.neulet.2012.04.029


 17. Cross,NE, Memarian,N, Duffy,SL, Paquola,C, LaMonica,H, D’Rozario,A , et al. Structural brain correlates of obstructive sleep apnoea in older adults at risk for dementia. Eur Respir J. (2018) 52:1800740. doi: 10.1183/13993003.00740-2018


 18. Baril,AA, Gagnon,K, Brayet,P, Montplaisir,J, De Beaumont,L, Carrier,J , et al. Gray matter hypertrophy and thickening with obstructive sleep apnea in middle-aged and older adults. Am J Respir Crit Care Med. (2017) 195:1509–18. doi: 10.1164/rccm.201606-1271OC


 19. Fornito,A, Yücel,M, Wood,SJ, Adamson,C, Velakoulis,D, Saling,MM , et al. Surface-based morphometry of the anterior cingulate cortex in first episode schizophrenia. Hum Brain Mapp. (2008) 29:478–89. doi: 10.1002/hbm.20412


 20. Winkler,AM, Kochunov,P, Blangero,J, Almasy,L, Zilles,K, Fox,PT , et al. Cortical thickness or grey matter volume? The importance of selecting the phenotype for imaging genetics studies. NeuroImage. (2010) 53:1135–46. doi: 10.1016/j.neuroimage.2009.12.028


 21. Basoglu,OK, and Tasbakan,MS. Gender differences in clinical and polysomnographic features of obstructive sleep apnea: a clinical study of 2827 patients. Sleep Breath. (2018) 22:241–9. doi: 10.1007/s11325-017-1482-9


 22. Bonsignore,MR, Saaresranta,T, and Riha,RL. Sex differences in obstructive sleep apnoea. Eur Respir Rev. (2019) 28:190030. doi: 10.1183/16000617.0030-2019


 23. Macey,PM, Kumar,R, Yan-Go,FL, Woo,MA, and Harper,RM. Sex differences in white matter alterations accompanying obstructive sleep apnea. Sleep. (2012) 35:1603–13. doi: 10.5665/sleep.2228


 24. Franklin,KA, and Lindberg,E. Obstructive sleep apnea is a common disorder in the population-a review on the epidemiology of sleep apnea. J Thorac Dis. (2015) 7:1311–22. doi: 10.3978/j.issn.2072-1439.2015.06.11


 25. Young,T, Palta,M, Dempsey,J, Skatrud,J, Weber,S, and Badr,S. The occurrence of sleep-disordered breathing among middle-aged adults. N Engl J Med. (1993) 328:1230–5. doi: 10.1056/NEJM199304293281704


 26. Theorell-Haglöw,J, Miller,CB, Bartlett,DJ, Yee,BJ, Openshaw,HD, and Grunstein,RR. Gender differences in obstructive sleep apnoea, insomnia and restless legs syndrome in adults - what do we know? A clinical update. Sleep Med Rev. (2018) 38:28–38. doi: 10.1016/j.smrv.2017.03.003


 27. Johns,MW
. A new method for measuring daytime sleepiness: the Epworth sleepiness scale. Sleep. (1991) 14:540–5. doi: 10.1093/sleep/14.6.540


 28. Dahnke,R, Yotter,RA, and Gaser,C. Cortical thickness and central surface estimation. NeuroImage. (2013) 65:336–48. doi: 10.1016/j.neuroimage.2012.09.050


 29. Desikan,RS, Ségonne,F, Fischl,B, Quinn,BT, Dickerson,BC, Blacker,D , et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. NeuroImage. (2006) 31:968–80. doi: 10.1016/j.neuroimage.2006.01.021


 30. Smith,SM, and Nichols,TE. Threshold-free cluster enhancement: addressing problems of smoothing, threshold dependence and localisation in cluster inference. NeuroImage. (2009) 44:83–98. doi: 10.1016/j.neuroimage.2008.03.061


 31. Bjorvatn,B, Lehmann,S, Gulati,S, Aurlien,H, Pallesen,S, and Saxvig,IW. Prevalence of excessive sleepiness is higher whereas insomnia is lower with greater severity of obstructive sleep apnea. Sleep Breath. (2015) 19:1387–93. doi: 10.1007/s11325-015-1155-5


 32. Javaheri,S, and Javaheri,S. Update on persistent excessive daytime sleepiness in OSA. Chest. (2020) 158:776–86. doi: 10.1016/j.chest.2020.02.036


 33. Pépin,JL, Viot-Blanc,V, Escourrou,P, Racineux,JL, Sapene,M, Lévy,P , et al. Prevalence of residual excessive sleepiness in CPAP-treated sleep apnoea patients: the French multicentre study. Eur Respir J. (2009) 33:1062–7. doi: 10.1183/09031936.00016808


 34. Catarino,R, Spratley,J, Catarino,I, Lunet,N, and Pais-Clemente,M. Sleepiness and sleep-disordered breathing in truck drivers: risk analysis of road accidents. Sleep Breath. (2014) 18:59–68. doi: 10.1007/s11325-013-0848-x


 35. Garbarino,S, Durando,P, Guglielmi,O, Dini,G, Bersi,F, Fornarino,S , et al. Sleep apnea, sleep debt and daytime sleepiness are independently associated with road accidents. A Cross-sectional study on truck drivers. PLoS One. (2016) 11:e0166262. doi: 10.1371/journal.pone.0166262


 36. Stepnowsky,C, Sarmiento,KF, Bujanover,S, Villa,KF, Li,VW, and Flores,NM. Comorbidities, health-related quality of life, and work productivity among people with obstructive sleep apnea with excessive sleepiness: findings from the 2016 US National Health and wellness survey. J Clin Sleep Med. (2019) 15:235–43. doi: 10.5664/jcsm.7624


 37. Zhou,J, Camacho,M, Tang,X, and Kushida,CA. A review of neurocognitive function and obstructive sleep apnea with or without daytime sleepiness. Sleep Med. (2016) 23:99–108. doi: 10.1016/j.sleep.2016.02.008


 38. Chung,SJ, Yoo,HS, Lee,YH, Lee,HS, Ye,BS, Sohn,YH , et al. Frontal atrophy as a marker for dementia conversion in Parkinson's disease with mild cognitive impairment. Hum Brain Mapp. (2019) 40:3784–94. doi: 10.1002/hbm.24631 

 39. Erb,J, Schmitt,LM, and Obleser,J. Temporal selectivity declines in the aging human auditory cortex. elife. (2020) 9:e55300. doi: 10.7554/eLife.55300


 40. Sheremata,SL, Somers,DC, and Shomstein,S. Visual short-term memory activity in parietal lobe reflects cognitive processes beyond attentional selection. J Neurosci. (2018) 38:1511–9. doi: 10.1523/JNEUROSCI.1716-17.2017


 41. Vandenberghe,R, Molenberghs,P, and Gillebert,CR. Spatial attention deficits in humans: the critical role of superior compared to inferior parietal lesions. Neuropsychologia. (2012) 50:1092–103. doi: 10.1016/j.neuropsychologia.2011.12.016


 42. Joo,EY, Tae,WS, Lee,MJ, Kang,JW, Park,HS, Lee,JY , et al. Reduced brain gray matter concentration in patients with obstructive sleep apnea syndrome. Sleep. (2010) 33:235–41. doi: 10.1093/sleep/33.2.235


 43. Keage,HA, Banks,S, Yang,KL, Morgan,K, Brayne,C, and Matthews,FE. What sleep characteristics predict cognitive decline in the elderly? Sleep Med. (2012) 13:886–92. doi: 10.1016/j.sleep.2012.02.003


 44. Shi,Y, Chen,L, Chen,T, Li,L, Dai,J, Lui,S , et al. A meta-analysis of voxel-based brain morphometry studies in obstructive sleep apnea. Sci Rep. (2017) 7:10095. doi: 10.1038/s41598-017-09319-6


 45. Diekelmann,S, and Born,J. The memory function of sleep. Nat Rev Neurosci. (2010) 11:114–26. doi: 10.1038/nrn2762


 46. Klinzing,JG, Niethard,N, and Born,J. Mechanisms of systems memory consolidation during sleep. Nat Neurosci. (2019) 22:1598–610. doi: 10.1038/s41593-019-0467-3


 47. Fultz,NE, Bonmassar,G, Setsompop,K, Stickgold,RA, Rosen,BR, Polimeni,JR , et al. Coupled electrophysiological, hemodynamic, and cerebrospinal fluid oscillations in human sleep. Science. (2019) 366:628–31. doi: 10.1126/science.aax5440


 48. Gelber,RP, Redline,S, Ross,GW, Petrovitch,H, Sonnen,JA, Zarow,C , et al. Associations of brain lesions at autopsy with polysomnography features before death. Neurology. (2015) 84:296–303. doi: 10.1212/WNL.0000000000001163


 49. Ju,YS, Ooms,SJ, Sutphen,C, Macauley,SL, Zangrilli,MA, Jerome,G , et al. Slow wave sleep disruption increases cerebrospinal fluid amyloid-β levels. Brain. (2017) 140:2104–11. doi: 10.1093/brain/awx148


 50. Varga,AW, Wohlleber,ME, Giménez,S, Romero,S, Alonso,JF, Ducca,EL , et al. Reduced slow-wave sleep is associated with high cerebrospinal fluid Aβ42 levels in cognitively Normal elderly. Sleep. (2016) 39:2041–8. doi: 10.5665/sleep.6240


 51. Tabuchi,M, Lone,SR, Liu,S, Liu,Q, Zhang,J, Spira,AP , et al. Sleep interacts with aβ to modulate intrinsic neuronal excitability. Curr Biol. (2015) 25:702–12. doi: 10.1016/j.cub.2015.01.016 

 52. Baril,AA, Beiser,AS, Mysliwiec,V, Sanchez,E, DeCarli,CS, Redline,S , et al. Slow-wave sleep and MRI markers of brain aging in a community-based sample. Neurology. (2021) 96:e1462–9. doi: 10.1212/WNL.0000000000011377


 53. Rosenzweig,I, Glasser,M, Polsek,D, Leschziner,GD, Williams,SC, and Morrell,MJ. Sleep apnoea and the brain: a complex relationship. Lancet Respir Med. (2015) 3:404–14. doi: 10.1016/S2213-2600(15)00090-9


 54. Lavie,L
. Oxidative stress in obstructive sleep apnea and intermittent hypoxia--revisited--the bad ugly and good: implications to the heart and brain. Sleep Med Rev. (2015) 20:27–45. doi: 10.1016/j.smrv.2014.07.003


 55. Celle,S, Delon-Martin,C, Roche,F, Barthélémy,JC, Pépin,JL, and Dojat,M. Desperately seeking grey matter volume changes in sleep apnea: a methodological review of magnetic resonance brain voxel-based morphometry studies. Sleep Med Rev. (2016) 25:112–20. doi: 10.1016/j.smrv.2015.03.001




OPS/images/fneur-14-1019457-t003.jpg
Regi Cluster size BA pFWEC
Postcentral Gyrus (1) 5698 1 001
Precentral Gyrus (L) 4342 4 001
Superior Temporal Gyrus (L) 3256 2 001
Supramarginal Gyrus (L) 2862 40 0.04
Superior Parietal Lobule (L) 2135 7 004
Middle Temporal Gyrus (L) 1,899 2 001
Superior Frontal Gyrus (L) 1525 10 004
Inferior Parietal Lobule (L) 1498 40 004
Insula (L) 1357 13,14,16 001
Paracentral Lobule (L) 1357 1 001
Pars Opercularis (L) 1357 44 001
Inferior Temporal Gyrus (L) 1,085 20 001
Pars Triangularis (L) 1,085 45 001
Precuneus (L) 814 7 001
Caudal Middle Frontal Gyrus (L) 814 10 001
Temporal Pole (L) 543 38 001
‘Transverse Temporal Gyrus (L) 543 41,42 001
Postcentral Gyrus (R) 216291 1 004
Precentral Gyrus (R) 161158 4 004

BA, Brodmann's area; pFWEC, p values after family-wise error correction.





OPS/images/fneur-14-1019457-t001.jpg
Epworth sleepiness scale
Age, years

Education, years

Body Mass Index, kg/m*
Hypertension, 1, %

SBP before sleep, mmHg
SBP after sleep, mmHg
DBP before sleep, mmHg
DBP after sleep, mmHg
Diabetes, 1, %

Daytime sleepiness, 1, %
Apnoea, m, %

Nocturia, 1, %

Morning fatigue, , %

Poor memory, n, %

Values are di

ESS>9 (n

12074341

4104904
1615, 16)
27854316
9(0321)
131881607
1346721481
879241147
93.67414.21
00
23(0.821)
24(0.714)
18 (0.643)
17 (0.607)

12(0.429)

8)

ESS<9 (n=33)
4214251
4021895
16 (15, 16)
26024288
6(0.182)
12869183
125.09+16.68
87.48£15.05
85301517
2(0.061)
11(0.393)
19(0.576)
15 (0.455)
13 (0394)

10 (0.357)

tIZl¢
1035
0357

~0.588
235
1592
0796
2151
0414
2427
1754
14627
5766
2163
2755

1035

<0.001

072

065

002

021

043

004

068

002

019

<0.001

002

014

009

031

layed as mean +SD or median (Inter-quartile range). BMI, body mass index; ESS, Epworth Sleepiness Scale; SB, systolic blood pressure; DB, diastolic blood pressure.





OPS/images/fneur-14-1019457-t002.jpg
Polysomnographic pal ESS<9 (n=33) p

TST, min 421 (384.13, 456.43) 426 (378.5, 505.75) 0.45
Sleep efficiency, % 87.75(83.88,93.98) 88.5(78.35,92.8) 0.95
NREM 1 sleep, % 12.9(8.725, 27.225) 129(6,21.7) 0.37
NREM 2 sleep, % 5575 (42.175, 61.475) 52.1(42.3,58.5) 0.23
NREM 3 sleep, % 20.35 (17.575, 22.85) 20.4(16.2, 24.75) 0.003
REM Sleep, % 5.95(0, 16.275) 12.7 (8.45, 19.85) 0.50
Arousal Index (Resp.), timesh™" 223(6.1,50.28) 9.9(3.8,15.5) 0.01
Arousal Index (Spont.), timesh™! 5(2.38,7.7) 5.9 (4.1,9.95) 0.10
AHI, timesh™" 46.2 (27.85, 63.05) 26.1(13.55,43.4) 0.02
ODI, timesh™" 48.8(20.9, 64.8) 22.2(10.83,42) 0.01
MinSa0;, % 69 (58.25, 83.25) 81(74,86) 0.004
TS90, % 17.8(2.03, 33.08) 26(05,5.4) 0.001

Values were expressed as median (interquartile range in brackets) or count (percentage). TST, otal sleep time; ODI, oxygen desaturation index; AHI, apnoea-hypopnea index; Min$a0s,
Minimum pulse oxygen saturation; T$90, Proportion Time with Sa0; <90%; Resp., respiratory; Spont., spontaneous; NREM, non rapid eye movement; REM, rapid eye movement,





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cortical thinning in male obstructive sleep apnoea patients with excessive daytime sleepiness



		1. Introduction



		2. Methods



		2.1. Participants



		2.2. Polysomnography and subject EDS evaluation



		2.3. Magnetic resonance imaging and pre-processing



		2.4. Surface extraction and mesh construction



		2.5. Statistical analyses









		3. Results



		3.1. Demographic, clinical, and sleep characteristics



		3.2. Cortical thickness group comparison



		3.3. Cortical thickness and The ESS score









		4. Discussion



		5. Limitations



		6. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/fneur-14-1019457-g001.jpg
Left Hemisphere

Paracentral
Lobule

Temporal Pole

entral GV
Precentral Gyrus _POS

Pars Opercularis. Supramarginal

"Superior & nferior
‘Temporal Gyrus
Middle Temporal Gyrus






OPS/images/fneur-14-1019457-g002.jpg
0.031

-0276 P=

R

ssauNoIY L [EO1H0D SNIAD [e10dwaL SIPPIN HoT

20

10
ESS Score

15 20

10
ESS Score

220

0328 P=0.01

R=

4.00

0.038

p=

R=-0.267

$SaUNOIYL [EDIHOD [B13U2ISOd }oT

20

1.60

ESS Score

ESS Score

2
3

S .
o] fob

o

8

Hlol b

g

P .

I .
© .

SSaUNIYL [E21HOD SlejnaIadO Sied B

P =003

R=-0.278

2.00

$SAUYOIYL 0110 [BI0dIWa | 3SISASURIY Yo

15 20

10
ESS Score

5 30 230

0
ESS Score





OPS/images/cover.jpg
' frontiers | Frontiers in Neurology

Cortical thinning in male
obstructive sleep apnoea patients
with excessive daytime sleepiness












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
¥ frontiers = Frontiers in Neurology






