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1.  Abstract

Rationale: Sleep disturbances are a common consequence of aging and their prevalence rises
as the proportion of elderly grows in Western populations. They are also frequent amongst
individuals with Parkinson's disease (PD). Coinciding with an aging population, is an increasing
prevalence of obesity. The interrelations between sleep disturbances, obesity, cardiometabolic
disorders, brain structural changes and cognition remain incompletely understood. The effect
of sleep disturbances on cognitive performance in PD is also relatively unknown.

Objectives: Investigate the associations between sleep disturbances, obesity, cardiometabolic
disorders, brain MRl measures and cognition in a normal population. In addition, investigate
the associations between sleep disturbances and cognitive performance in the PD population.
Methods: Structural equation modeling was used to evaluate the associations between Sleep
disturbances (focusing on hypersomnolence and snoring), obesity, cardiometabolic disorders,
brain structure and cognition in a large sample of normal aging individuals from the UK
Biobank. Linear regression modeling was used to evaluate direct associations between sleep
disturbances and cognitive performance in the normal aging and PD populations.

Results: In the normal population, sleep disturbances were associated with increased
prevalence of obesity, diabetes, dyslipidemia, and inflammation. These cardiometabolic
disorders were associated with increased white matter hyperintensities (WMH), that were in
turn related to poor cognition. Sleep disturbances were also directly associated with poorer
performance in processing speed, fluid intelligence, working memory and executive function,

independent of obesity, cardiometabolic disorders and sleep duration. In the PD population,



the presence of snoring and/or obstructive sleep apnea was associated with improved working
memory and faster reaction speed.

Conclusion: The association between sleep disturbances and adverse brain health
consequences in a normal aging population suggests that interventions targeting sleep health
may be beneficial for cognition. In PD, further work on sleep disturbances will be needed to

clarify the relationship with cognition.



2. Résumé

Raisons : Les troubles du sommeil sont une conséquence courante de |'age et leur prévalence
augmente avec l'accroissement de la proportion de personnes agées dans les populations
occidentales. lls sont également fréquents chez les personnes atteintes de la maladie de
Parkinson (MP). Coincidant avec une population vieillissante, il y a une prévalence croissante de
I'obésité. Les interrelations entre les troubles du sommeil, I'obésité, les troubles
cardiométaboliques, les changements structurels du cerveau et la cognition restent
incompletement comprises. L'effet des troubles du sommeil sur les performances cognitives
dans la MP est également relativement inconnu.

Objectifs : D'étudier les associations entre les troubles du sommeil, obésité, les troubles
cardiométaboliques, mesures IRM cérébrales et performances cognitives dans une population
normale. De plus, les associations entre les troubles du sommeil et la performance cognitive
dans la population MP seront étudiées.

Méthode : Le modeéle d’équation structurelle a été utilisée pour évaluer les associations entre
les troubles du sommeil (en se concentrant sur I'hypersomnolence et le ronflement), obésité,
les troubles cardiométaboliques, structure cérébrale et cognition dans un large échantillon
d'individus vieillissants normaux de la UK Biobank. La modele de régression linéaire a été
utilisée pour évaluer les associations directes entre les troubles du sommeil et les performances
cognitives dans les populations de vieillissement normal et de MP.

Résultat : Dans la population normale, les troubles du sommeil étaient associés avec plus
d'obésité, de diabete, de dyslipidémie et d'inflammation. Ces troubles cardiométaboliques

étaient associées a des hypersignaux de la substance blanche a I'IRM, qui étaient a leur tour



liées avec une mauvaise cognition. Les troubles du sommeil étaient également directement
associés a de pires performances en termes de vitesse de traitement, d'intelligence fluide, de
mémoire de travail et de fonction exécutive, indépendamment de I'obésité, des troubles
cardiométaboliques et de la durée du sommeil. Dans la population avec MP, la présence de
ronflement et/ou d'apnée obstructive du sommeil était associée avec une amélioration de la
mémoire de travail et a une vitesse de réaction plus rapide.

Conclusion : L'association entre les troubles du sommeil et les conséquences néfastes sur la
santé cérébrale dans une population vieillissante suggere que les interventions ciblant la santé
du sommeil peuvent étre bénéfiques pour la cognition. Dans la MP, des travaux
supplémentaires sur les troubles du sommeil seront nécessaires pour clarifier la relation avec la

cognition.
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7.  Introduction

Sleep disturbances are common in middle-aged and elderly populations and there is
emerging evidence that they may be associated with brain structural changes and cognitive
decline[']. As the average age in developed countries continues to increase, the prevalence of
sleep disturbances will increase alongside it[2,3]. Common sleep disturbances include
obstructive sleep apnea (OSA) and excessive daytime sleepiness (EDS)[%°], both of which are
risk factors of cognitive dysfunction in the middle-aged and elderly[®~°]. Sleep disturbances are
also frequent amongst the Parkinson’s (PD) population and are linked with additional health
consequences[!°]. Another concern in public health is the increasing proportion of individuals
with obesity in Western populations[*!]. Obesity is linked to cardiometabolic consequences, and
more recently neurocognitive consequences['2,13]. Obesity is a risk factor of sleep disturbances
and conversely, sleep disturbances can be a risk factor for obesity[**~%¢]. Understanding the
effect of sleep disturbances on cognition will support the importance of sleep health, and early
detection and treatment may provide beneficial effects for cognitive and cardiometabolic
health in an aging population.

The primary objective of this thesis is to investigate the interrelations of sleep
disturbances, including hypersomnolence and snoring, with cardiometabolic comorbidities,
brain health and cognition in a normal aging population. Secondary objectives include
investigating the effects of sleep disturbances on brain structural alterations and cognitive
performance in a PD population.

Multiple sleep disturbances occur in aging populations. In the literature review portion of

the thesis, we will explore specific sleep disturbances such as OSA (Ch.8.2) and EDS (Ch.8.3).
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We will also review sex-related effects and differences in sleep disturbances (Ch.8.4), obesity as
a risk factor of sleep disturbances (Ch.8.5), and PD and its relationship with sleep disturbances
(Ch.8.6). Additionally, we explore the beneficial effects of treating OSA in normal and PD
populations (Ch.8.7). Finally, we will explore the UK Biobank, a large long-term database
(Ch.8.8) and structural equation model (SEM) (Ch.8.9), both of which are important features of
the thesis. The results and work done towards the primary objective will be described in Ch.9,
and Ch.10 and 11 will explore the results and work done towards the secondary objectives.
Ch.12 discusses the implications of the findings and how it fits in the broader literature. Finally,

the thesis concludes with a final summary and conclusion in Ch.13.
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8. Literature Review

8.1 Sleep and Aging

Sleep is an important aspect of maintaining good health. Sleep has been hypothesized to
play a role in many important functions including memory retention and other cognitive
functions, emotional regulation, and metabolic functions including removal of CNS metabolic
waste[*’]. However, chronic poor sleep has become the norm in contemporary society
compromising these functions[*8]. Lifestyle factors such as the constant exposure to electronic
devices like cellphones, computers, and televisions, as well as work culture contribute to poor
sleep quality and short sleep duration[*°]. Additionally, poor sleep has been linked with
negative health outcomes such as obesity[?°,%], hypertension[?2,23], and cognitive decline[?4,%].

Alongside the increasing prevalence of poor sleep is the increasing life expectancy in
many developed countries, resulting in a growing proportion of elderly[?]. In 2015, 8.5% of the
world’s population was 65 years of age or older and by 2050, the proportion is projected to
more than double[?’]. Aging is associated with increased multimorbidity[?8], defined by WHO as
multiple ongoing health conditions requiring long-term medical attention[?°] and will become a
great burden on the health care system[3°]. In a large cross-sectional study, it was reported that
64.9% of participants between the ages of 65-84 years old had multimorbidity, rising to 81.5%
of participants 85 years and older[%%]. Aging is a risk factor for cognitive decline[3?,3%] as well as
neurodegenerative diseases such Alzheimer’s disease (AD) and Parkinson’s disease (PD)[33,34].
Additionally, aging is associated with increased risk of cardiometabolic disorders including

hypertension, diabetes, and cardiovascular disease[>?].
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Aging also plays a role in poor sleep. With age, it becomes increasingly difficult to fall
asleep and stay asleep, leading to shorter sleep duration and sleep fragmentation[3]. Sleep
architecture also changes, with older adults experiencing less time in deep sleep (NREM stages
3 and 4), resulting in reduced restorative sleep[3’]. These age-related changes in sleep have
been hypothesized to be due to changes in circadian modulation, endocrine function, and
neural mechanisms of the sleep-wake cycle[3,38]. Furthermore, the frequency of sleep
disturbances including insomnia, EDS and OSA increase with age as 40-70% of older adults
experience chronic sleep problems[3°,%9].

8.2 Overview of Obstructive Sleep Apnea and its Consequences

OSA is characterized by episodic partial or complete blockage of the upper airway during
sleep due to the collapse of the soft palate resulting in apneas and hypopneas[*!]. The
prevalence of OSA in adults 65 years and older is estimated to range between 13-32%[*],
although it continues to be underdiagnosed[*3,%4]. OSA is often accompanied by various
symptoms such as loud snoring and hypersomnolence, which can affect quality of life in the
middle-aged and elderly[*!]. Snoring itself is a highly prevalent condition found in 20-40% of the
population and it has been reported that snoring, as measured by snoring frequency and
intensity, is associated with OSA severity[*]. However, the presence of snoring does not always
indicate presence of OSA, especially in individuals with mild snoring and lower BMI[*].

The gold standard for diagnosing OSA is to perform polysomnography (PSG) to measure
the apnea-hypopnea index (AHI), the average number of apneas and hypopneas per hour of
sleep[*’]. Using this method, OSA is diagnosed when AHI is >5 with daytime sleepiness

symptoms[*®]. Disease severity is also measured using AHI: mild OSA is defined as =5 and <15
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AHI, moderate is 215 and <30 AHI, and severe OSA is 230 AHI[*®]. Differences in scoring criteria
can lead to differences in reported prevalence and severity[*°,>°]. In-lab PSGs can be costly and
not easily accessible[!]. Hence the use of screening tools such as the STOP (Snoring, Tiredness,
Observed apneas, high blood Pressure), STOP-BANG (STOP and BMI, Age, Neck circumference,
Gender) or Berlin questionnaire (which asks about several signs, symptoms and comorbidities
of OSA) can be used to more readily determine if individuals are at high risk of OSA[>?,3].

There are several risk factors that increase an individual’s risk of developing OSA. One of
them is male sex; the prevalence of OSA in men is greater than in women, with approximately
10-17% of middle-aged and elderly men diagnosed with OSA compared to 3-9% of women of
similar age[>*]. OSA prevalence also increases with age. One population study of found an AHI
of 215/hour in 49.7% of men and 23.4% of women aged 40 and above, and when dividing the
participants into <60 years and =60 years, prevalence of AHI of 215/hour increased significantly
in the older age group[>°]. Possible mechanisms underlying this sex difference may be
differences in body fat distribution[>®], anatomical differences of the upper airway and
hormonal differences[>’,8]. Additional evidence supporting hormonal changes as a key
mechanism of developing OSA is that approximately 14.6% of postmenopausal women were
screened positive for OSA in comparison to 10.4% of pre-menopausal women[>]. Furthermore,
the sex difference between men and women is less pronounced when comparing men with
postmenopausal women not on hormone replacement therapy[®°].

Obesity is another important risk factor for OSA. The increase in body mass can lead to
increased soft tissue mass of the upper airway resulting in it becoming more vulnerable to

collapsing during sleep leading to mechanical obstruction or blockage and cessation of
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breathing[®']. Around 24-45% of individuals with obesity have OSA[**] and OSA is also strongly
associated with increased BMI, waist-to-hip ratio, and neck circumference[®?]. Additionally,
there is increasing evidence demonstrating that weight loss and bariatric surgery can help
reduce OSA severity[*°,62,63].

Recent research in OSA has begun to recognize phenotypic subtypes of OSA by
classifying individuals based on symptoms[®4]. Although, there is no consensus on the exact
subtypes, studies have attempted to use symptoms that can be generally categorized as 1)
disturbed sleep (insomnia-related), 2) excessively sleepy and 3) minimally symptomatic[®°,°¢]. A
novel subtype described as having both symptoms of excessive daytime sleepiness and
disturbed sleep[®’], was reported to be associated with increased risk of cardiovascular events
such as coronary heart disease and heart failure[®®].

Hypertension is a common health consequence of OSA. Reports suggest approximately
50% of OSA patients have hypertension[®®]. A hypothesized mechanism whereby OSA could
lead to hypertension is that apneas and hypopneas induce hypoxemia, causing sympathetic
nervous system activation to increase heart rate and blood pressure to re-establish oxygen
saturation, which over time results in hypertension[’?]. It is also hypothesized that a similar
mechanism causes increased risk of diabetes amongst patients with OSA[’!]. In addition, OSA-
related sleep fragmentation and shorter sleep are also key factors that may lead to increased
risk of developing hypertension[’?], as well as diabetes due to glucose metabolism
dysregulation[’%,73].

EDS is a common symptom of OSA and has been reported in 46.5-58.0% of patients[’4].

It has been hypothesized that chronic sleep fragmentation and short sleep duration related to
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OSA, lead to EDS[’°]. OSA combined with EDS has been reported to affect daily function and
cognition[”®] and significantly increases the risk of cardiovascular events compared to
individuals with OSA and minimal symptoms[®8]. EDS has its own consequences, independent of
OSA, which will be further discussed in the next section (Ch.8.3).

Brain structural alterations has been reported in individuals with OSA. Compromised
white matter integrity (WMI) has been identified, measured using diffusion tensor imaging
(DTI), as reduced fractional anisotropy (FA) and increased mean diffusivity (MD)[’®], indicating
myelin damage potentially due to hypoxemia from apneas and hypopneas[”’,’8]. Some
magnetic resonance imaging (MRI) studies report grey matter atrophy[’?,2°], although there are
conflicting reports. One MRI study reports of grey mater hypertrophy[®!] and reduced MD
which may be indicative of compensatory changes[®?]. A population-based study found that AHI
was associated with increased white matter hyperintensities (WMH) identified from MRI[%3],
which are associated with increased risk of stroke, dementia, and cognitive decline[?*]. These
brain structural alterations associated with OSA may exacerbate cognitive decline associated
with aging in the middle-aged and elderly[®]. In addition to these brain structural changes, OSA
is associated with global cognitive impairment as well as in certain domains such as memory,
attention, and executive function[2°].

In summary, OSA is associated with many cardiovascular and neurocognitive
consequences. Continued research is necessary to help clarify these association. Increased
awareness of the risk factors and early signs of OSA are key to properly diagnose and treat OSA

to prevent health consequences in the middle-aged and elderly populations.
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8.3 Overview of Excessive Daytime Sleepiness and its Consequences

EDS or hypersomnolence, is a common sleep-related complaint reported alongside sleep
disorders, neurodegenerative diseases, as well as with non-clinical origins such as with shift
work and modern lifestyle[?”]. EDS is reported in up to 18% in the general population[28]. A
common way to determine EDS is to administer the Epworth Sleepiness Scale (ESS), a
questionnaire which measures subjective sleepiness[®®]. A score of 11-12 would be considered
as mild EDS, a score of 13-15 would be moderate EDS and a score of 16-24 would classify as
severe EDS[®]. EDS can also be measured objectively by conducting the multiple sleep latency
test (MSLT), that measures how quickly individuals can fall asleep during multiple daytime
naps[®°] and a mean sleep latency of 8 minutes and less is considered abnormally sleepy[®%].

There are many risk factors for EDS, including OSA described in more detail in the
previous section (Ch.8.2). Additionally, obesity alone is a risk factor for EDS, and will constitute
an increasing concern as the proportion of obese individuals continues to grow[*?*]. More
details on obesity and its association with sleep disturbances will be described in Ch. 8.5.
Although OSA and obesity are highly correlated with 26-32% of individuals with both reporting
EDS, 18% without OSA also reported EDS, indicating that EDS is associated with obesity
independently of OSA[*?] as well as independently of diet and physical activity[]. It has been
hypothesized that obesity leads to EDS due to overactivation of the sympathetic nervous
system caused by endocrine dysregulation[“?,°¢]. Additionally, weight loss and bariatric surgery
in these individuals have been shown to help reduce EDS[*’,%%].

Depression is an another independent risk factor[*°]. Prevalence of EDS in individuals

with depression was found to be approximately 50.8%[1%°]. In addition, the relation between
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depression and EDS may be bidirectional as EDS is often an early sign and potential risk factor
of depression in the elderly[1°,192]. A longitudinal study, using questionnaires to determine
EDS, found that older adults with EDS were 2.06 times more at risk of developing depression,
independently of sociodemographic and clinical comorbidities[*?].

Although EDS is often regarded as a symptom, it may also be a marker for adverse
outcomes. EDS is independently associated with cognitive decline in the elderly[®]. In a
population-based study of older Italian adults, EDS was the only sleep complaint independently
associated with dementia[*%3]. Additionally, EDS in middle-aged and older adults has been
suggested to accelerate brain aging, as EDS was found to be associated with global cortical
thinning in cognitively normal elderly[*%*]. One study found that the presence of EDS in the
elderly without dementia is associated with increased B-amyloid accumulation over time,
independent of comorbidities such as age, sex, the presence of apolipoprotein E (ApoE) €4
allele, depression and short sleep duration[*%].

Several neurological disorders such as depression, circadian rhythm disorders, epilepsy,
and PD share EDS as a common symptom[%°2,196], In the PD population, EDS affects
approximately 50% of patients and is one of the most common non-motor symptoms[*%’]. In a
3-year longitudinal study, PD patients had an increase in ESS, in contrast to no changes in
healthy controls['%®]. Common risk factors of EDS in PD patients include male sex, poor sleep
quality, and use of dopamine agonists['%]. In particular, dopaminergic therapy used to treat PD
symptoms, has a dose-dependent relationship with EDS[*%] and reducing the dosage and
discontinuation has been reported to reduce episodes of daytime sleepiness[*%7,11°]. EDS may

be related to accelerated PD-related neurodegeneration as an imaging study showed that PD
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patients with EDS, but without dementia and hallucinations, have significant grey matter
atrophy in many brain areas including frontal, temporal and occipital lobe compared to PD
patients without EDS[*!!]. In addition, a systematic review found that EDS is associated with
cognitive decline in PD patients as global cognitive function, executive function, and processing
speed were impaired to a greater extent compared to PD patients without EDS[*?].

In summary, EDS is a common symptom of obesity, sleep disorders and neurological
disorders as well as an independent risk factor for dementia and cognitive decline in the
elderly, and an early indicator of neurodegenerative diseases and depression. Screening for EDS
should become routine in the middle-aged, elderly, and obese populations for early detection
and provide preventative care of underlying disorders.

8.4 Sex-Related Effects and Differences in Sleep Disturbances

There are differences in prevalence of OSA between men and women[>°,113,114],
Approximately, 10-17% of middle-aged and elderly men are diagnosed with OSA in contrast to
3-9% of women of similar age[>*]. Furthermore, in a study investigating the sex differences of
OSA in an elderly French population, the prevalence of undiagnosed women increased with age
despite having similar risks compared to their male counterparts['!®]. This difference in
frequency of diagnosis, may be attributed to differences in presentation and symptoms of sleep
disturbances, but also due to biological differences['®]. Men are more likely to report sleep
disturbance symptoms related to OSA such as snoring, gasping and observed apnea[*!?]. In
contrast, women are more likely to report symptoms less associated with sleep disturbances
such as depression, fatigue, and insomnia['®]. Furthermore, when controlling for age and AHI,

men scored higher on the ESS than women[*?’]. Therefore, it may not be that women are less
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susceptible to OSA, but that women are underdiagnosed due to non-specific symptoms[*9].
There is also a hypothesis that women are more hesitant to self-report symptoms such as
snoring due to social stigma and are consequently referred less to sleep clinics[*'4].

There is emerging evidence that sleep disturbances differ due to physiological
differences between men and women. For similar OSA severity, women were more obese than
men and this may be due to sex differences in how adipose tissue is distributed[*!8,119]. There
are also differences in the prevalence of OSA and sleep disturbances between pre- and
postmenopausal women[>°] as well as between postmenopausal women with hormone
replacement therapy compared to those not on treatment[®°]. Postmenopausal women not on
hormonal replacement have an OSA prevalence closer to their male counterparts of similar age,
indicating that sex hormones may play a role in OSA prevalence[®].

Similarly to how there are sex differences in the manifestation of OSA, there are sex
differences in the health outcomes associated with them. Women with OSA were more likely to
have additional health complications such as depression and hypertension[*?°,121] as well as
white matter alterations[*?2,12%]. Furthermore, one study found that middle-aged and older
middle-aged women at high risk of OSA had poorer cognitive function, specifically in episodic
memory and executive function, while there were no associations in men['?4].

In summary, although prevalence of OSA is still male sex dominated, emerging evidence
indicates that women are also at risk of OSA, but they experience different symptoms and are
susceptible to different health consequences. Research in female populations with OSA should
continue to raise awareness of the differences in clinical presentation to get a proper diagnosis

and subsequent treatment.
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8.5 Obesity, its Health Consequences, and Relation with Sleep

Coinciding with a growing population of older adults, obesity is a modern epidemic that
has been rising in developed countries over the past decades[*?°]. Obesity is characterized by
abnormal or excessive accumulation of adipose tissue and a BMI greater or equal to
30kg/m?[*26,127] | In 2018, 36.3% of Canadian adults were overweight and 26.8% were classified
as obese['?8]. Obesity is risk factor for many health consequences such as diabetes[*?°,139],
hypertension and cardiovascular disease['317134], sleep apnea[*>,13], and more recently has
been shown to be a risk factor for neurocognitive consequences such as brain structural
alterations and cognitive decline[*3,136].

Obesity is often due to the imbalance of energy intake and expenditure, where lifestyle
including poor eating habits and sedentariness are the driving factors['3’]. Diet is an important
and modifiable risk factor of obesity and recently there has been growing evidence of poor
diets altering the gut microbiota leading to increased risk of obesity['38,139]. Lifestyle factors are
also key in the rise of obesity as a sedentary and short sleep lifestyle has become more
prevalent in developed countries[**°]. Poor sleep and short sleep duration can lead to increased
daytime sleepiness and reduced subjective energy, contributing to sedentariness increasing the
risk of obesity[?°,2,139,149] |n one study, short sleep was associated with poor dietary habits via
alterations in the neural mechanisms, with unhealthy food activating the brain reward system
more while sleep deprived than with normal sleep duration[**!]. Obesity can also lead to OSA as
described in 8.2 Overview of Obstructive Sleep Apnea, where increased body weight and
adipose tissue increase load on the upper airway making it more vulnerable to collapsing and

obstruction[®!].
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The cardiometabolic consequences of obesity are well documented['*?]. Obesity is
associated with increased risk of hypertension[*3!], diabetes[*3°], and dyslipidemia[**3], which in
turn increase the risk of cardiovascular diseases such as coronary heart disease and stroke[*34].
Furthermore, in a longitudinal study it was reported that severely obese individuals were
almost 15 times more at risk of developing cardiometabolic multimorbidity, defined in this
study as at least 2 out of stroke, coronary heart disease or diabetes, compared to individuals of
healthy BMI, independent of age, sex, and ethnic origin['4?].

Recently, there has been increasing evidence that obesity, through its cardiometabolic
consequences, also plays a role in brain structural alterations and cognitive decline especially in
older adults[*3,144]. Obesity has been associated with grey matter atrophy in cognitively normal
elderly['**] as well as loss of WMI[*%°]. Additionally, a recent paper using the UK Biobank
dataset found that obesity-related hypertension and diabetes were associated with increased
WMH, which in turn was associated with poorer cognitive function[*3]. Obesity-related brain
structural alteration is hypothesized to be caused by insulin resistance[**¢], systemic
inflammation[**’] and vascular dysfunction[**¥] leading to cognitive dysfunction. Furthermore,
these brain structural changes may have a functional impact resulting in accelerated cognitive
decline in older adults with obesity compared to those of normal weight[**°].

In summary, obesity is a preventable and modifiable risk factor for many sleep-related,
cardiometabolic and neurocognitive consequences. Promotion of a healthier lifestyle and
awareness of the negative health outcomes of obesity will be key to combat the growing

obesity epidemic.
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8.6 Parkinson’s Disease and Sleep Disturbances

As the proportion of elderly continues to grow, age-related neurodegenerative diseases
like PD and AD, will also increase[**°]. PD is currently the second most frequently diagnosed
neurodegenerative disease and rises in prevalence with age[*>,1>?]. It is often characterized by
motor symptoms such as bradykinesia and resting tremor[*>3], as well as non-motor symptoms
such as cognitive dysfunction and dementia[*>*].

A common non-motor symptom in PD is sleep disturbances including insomnia,
hypersomnolence, restless leg syndrome (RLS) and rapid-eye movement (REM) sleep behaviour
disorder (RBD)[**°], which has been reported in as high as 87% of PD patients[**®] and up to 60%
have reported OSA[**7]. Even before motor symptoms appear, PD patients often present non-
motor symptoms[*>8], with one study suggesting that they can appear more than 10 years
before motor symptoms and diagnosis[*>°]. Questionnaires are often administered to collect
information on PD symptoms, some often used are: 1) Parkinson’s Disease Sleep Scale 2 (PDSS-
2)[*%9], Scales for Outcomes in Parkinson’s Disease — Sleep (SCOPA-Sleep)[*¢'], 3) MDS-Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS)[*¢2].

PD is associated with neuroanatomical changes including degeneration of dopaminergic
neurons in the cerebellum resulting in the motor symptoms of PD[*¢3]. With disease
progression, there is also global atrophy of the brain in various cortical and subcortical regions
leading to reduced brain volume in PD patients[*¢*]. White matter lesions that appear as WMH
on MRI are also prevalent in PD patients['®°]. Additionally, DTI measures reflecting WMI loss

and myelination damage may be potential biomarkers for PD prognosis[*®°]. These brain
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structural alterations are associated with many PD symptoms, especially with cognitive
dysfunction and dementia['¢7,%68].

Cognitive decline is another common non-motor symptoms in PD patients['®°], including
impairments to executive function, visuospatial and memory, and cognitive dysfunction
increase the risk of early dementia[**!]. Cognitive decline can often precede motor symptoms
and even diagnosis['’°]. Additionally, in one study, dementia in PD populations is up to 6 times
more prevalent compared to similar aged individuals without PD['’!]. There are several risk
factors of cognitive dysfunction in PD populations including genetics and lifestyle, and recently
there has been more evidence implicating OSA as a modifiable risk factor of cognitive
impairment in PD['72]. A few studies have reported PD patients with OSA have lower cognitive
scores than those without OSA[Y73,174]. It has been hypothesized that the intermittent
hypoxemia and sleep fragmentation due to OSA may exacerbate existing neurodegeneration
due to PD, resulting in accelerated cognitive decline[*”>,17¢]. The pathophysiology of how OSA
may exacerbate PD-related neurodegeneration is still relatively unknown and future research
should investigate brain structural changes associated with the presence of OSA in PD
populations. Furthermore, continued studies on treating OSA in PD patients are needed to
ascertain the effects of treatment on cognition.

8.7 Overview of Treatments for Obstructive Sleep Apnea and Beneficial Effects

There are different management and treatment methods for OSA to help improve
symptoms and reduce the impact of negative health outcomes[*”’]. Lifestyle changes can
include weight loss, that has been shown to reduce the severity of OSA, as well as help with

management of comorbidities such as hypertension['’®]., reduce risk of type 2 diabetes['’°] and
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cardiovascular events[*®]. Weight loss helps alleviate the mechanical obstruction due to
excessive adipose tissue, which leads to minimization of snoring, apnea, and hypopnea
events[!81,182] A meta-analysis investigating weight loss and severity of OSA reported that
although there is heterogeneity in the overall effect, most studies favour weight loss
intervention and improvements in AHI following weight loss last for up to 60 months[*23].

Continuous positive airway pressure (CPAP) is known as the gold standard for treating
moderate-severe OSA['84]. The CPAP machine provides a continuous positive air pressure that
keeps the upper airway open to prevent its collapse and obstruction['84]. By preventing the
obstruction of the upper airway, CPAP can reduce snoring, daytime sleepiness, and AHI,
improving sleep quality['84,18]. Data suggests that CPAP treatment for OSA improves daily
function['”], cognitive performance[*®®], and reduce the risk of cardiovascular events[*¥’] and
hypertension['8]. In a large prospective study, individuals with OSA who were ineligible,
declined or nonadherent of CPAP were found to have a greater incident of hypertension
compared to OSA patients who were treated[*®8]. However, large randomized controlled trials
(RCTs) have consistently failed to demonstrate benefit of CPAP on cardiovascular outcomes,
particularly in non-sleepy patients[!87,182,190],

Similarly, benefits of CPAP with respect to cognition also remain controversial. A
multicentred trial did not find significant cognitive improvement in middle-aged individuals[*°!].
However, a randomized pilot study involving patients 65 years and older with severe OSA found
that after 3 months of treatment, there was improvement in episodic and short-term memory
as well as executive function compared to patients received only conservative care[*?].

Furthermore, authors found less cortical thinning in patients treated with CPAP['%?].
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Improvement in cognitive function with the use of CPAP is an important finding given the
common occurrence of OSA in older adults[*?]. Despite any potential benefits, CPAP treatment
has a variable compliance, with studies reporting 40-80% of participants using CPAP regularly
and for the prescribed amount of time['%3]. Although there have been technological
advancements in CPAP treatment to improve adherence, other factors such as psychological
and social, continue to impede patients from adhering to the prescribed amount of treatment
needed for health benefits[*°*].

The benefits of treating OSA with CPAP are less well studied in the PD population and
there are conflicting reports about the efficacy. One study used CPAP to treat OSA in PD
patients for 6 weeks and compared cognitive scores to PD patients with OSA that received a
placebo (sham CPAP) for 3 weeks followed by 3 weeks of CPAP and found that CPAP treatment
did not rescue cognitive function[*”%]. In contrast, in a longitudinal observational study, the use
of CPAP in PD patients with OSA resulted in improvement in global cognitive function, as well as
in other non-motor symptoms at 6- and 12-month follow-up[*®]. Specifically, there was
improvement in non-motor symptoms such as cognitive function and anxiety in PD patients
with good CPAP compliance over 12 months['®*]. Moreover, untreated OSA in PD patients was
associated with greater motor dysfunction at 12 months, compared with CPAP-treated patients
in whom motor function was stabilized[*°®].

While treating OSA in the general population appears to provide beneficial effects, RCT
data, particularly on cardiovascular outcomes, remains disappointing. Patient selection appears
to be an important element relating to treatment benefit. Patients with more severe OSA and

associated EDS may be more likely to show benefit. Age may also be a factor, especially in
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relation to cognition. There are a few promising clinical studies demonstrating improvement of
PD-related symptoms following the use of CPAP to treat OSA and future studies should
continue to investigate the effects of CPAP in the elderly overall and in PD patients with OSA as
well as investigate the effect of CPAP on brain structural degeneration.

8.8 Overview of the UK Biobank

As the global population continues to grow older, long-term databases following the
middle-aged and elderly have become an integral part of epidemiological research of aging.
These databases provide large sample sizes with a wide range of information collected for each
participant longitudinally[**’~1%°]. One such large-scale long-term databases is the UK Biobank, a
British research project that aims to recruit and follow approximately 500,000 participants
between the ages of 40-69['%°]. Beginning in 2006, British citizens registered with the National
Health Services (NHS) were recruited to participate in the UK Biobank, where sociodemographic
and lifestyle information, physical measurements, medical history, biological samples such as
urine and blood samples, and cognitive tests were collected[?°°].

The database study continues to follow participants longitudinally with online
questionnaires on mental health[?°!] and keep their medical history up to date[?°°]. One of the
largest follow-ups occurred beginning in 2014, where participants were re-recruited to update
baseline data, re-perform cognitive tests as well as introduce full body MRI, including
abdominal and brain imaging[?°?]. The UK Biobank anonymizes all data and is open access,
allowing researchers from all over the world to conduct research with the goal of improving

public health[19°,290],
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8.9 Overview of Structural Equation Modelling

Structural equation modeling (SEM) is a statistical model that investigates associations
between one or multiple independent variables with one or multiple dependent variables[2%3].
These associations are determined a priori, forming the hypothesis, then the model is run to
test if these associations are significant[2°3]. Simple SEMs can be interpreted similarly to
multiple linear regression modelling and with a larger sample size, it is possible to test complex
models and investigate the interrelations between all the variables[293,294],

SEMs have distinct features, one of which is independent and dependent variables are
typically latent variables. Latent variables can’t be observed or measured directly but are
composed of observable variables or measured factors[?®]. For example, cognition can’t be
observed or measured directly, however we can define it as combination of executive function
and working memory. Both are observable variables that are quantified and measured using
cognitive tests[?%°]. Observable variables are represented as boxes and latent variables are
represented as ellipses in schematic representations of SEMs[2%3]. Arrows are used to show
regression associations between latent variables and the latent variable on the arrowhead side
is the dependent variable of that association[2%].

To see if the SEM is a good representation of the associations determined a priori,
evaluation of the SEM is necessary and is known as model fit[2°°]. There are many model fit
indices used to determine if the hypothesized associations of the SEM are good fit in the real
data. Chi-square test (x?) is used to assess the fit between the hypothesized model and the
model with real data; however it is not reliable in very large sample sizes as it will generally

always be significant[2°7,28]. To combat this, other model fit indices are reported alongside Chi-
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square test. Root mean square error of approximation (RMSEA) is a measure of poor fit as a
value closer to 0 indicates very good fit while a value closer to 1 indicates poor fit[2%].
Standardized root mean square residual (SRMR) is similar to RMSEA as the closer the value is to
0, the better the fit[2%]. Another model fit index is the comparative fit index (CFl); it is the
opposite of RMSEA and SRMR as it measures good fit, with values of closer 0 indicating poor fit
while values closer to 1 indicating very good fit[2%].

SEMs are not commonly used in epidemiological and medical research[%%°,219], however
there are many advantages to using them over traditional multiple and multivariate linear
regressions. Firstly, SEMs allows for the estimation of latent variables by combining observable
variables[?%3]. In the case of sleep research, specifically OSA; it is known that OSA is
underdiagnosed[*3,%], therefore using SEMs allow researchers to compile various measurable
OSA-related symptoms to compose an OSA surrogate variable. Secondly, SEMs offer the ability
to test for both direct and indirect associations[2%3]. For example, SEMs can determine that
independent variable A is associated with dependent variable C, making a direct association. At
the same time, the model can determine that independent variable A is associated with
independent variable B, which is then associated with dependent variable C, making an indirect
association between independent variable A and dependent variable C. A disadvantage of SEMs
is that it requires a large sample size to produce meaningful results, especially when
investigating multiple latent variables and the associations between them[2%4].

8.10 Conclusions
As the populations in developed countries continue to grow older, the prevalence of

sleep disturbances will grow along with it. OSA and EDS are common sleep disturbances that
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are risk factors of many negative health outcomes such as cardiometabolic and neurocognitive
consequences. Sleep disturbances are also prevalent in PD patients and may exacerbate
neurodegeneration and PD symptoms. More clinical studies are needed to understand the
impacts of treating OSA on cardiovascular and cognitive outcomes and to define patient
populations most likely to benefit. Research in neurodegenerative conditions such as PD is also
needed to elucidate if treating OSA may help manage and improve PD symptoms over time.
Finally, continued education on the importance of sleep health in middle-aged and older adults

is required in public health to act preventatively and mitigate associated health consequences.
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9. Associations between sleep disturbances, obesity, cardiometabolic disorders, brain

structural alterations and cognition in a normal aging population

The objectives, methods, results, figure, figure caption and tables were adapted from a to-be
submitted manuscript, where the student was first author.
9.1 Objectives

The primary objective: investigate the interrelations between sleep disturbances,
defined as hypersomnolence and snoring, obesity, cardiometabolic disorders, brain structural
alterations and cognition in the normal aging population in a large sample size of the UK
Biobank.

Secondary objectives: If a direct association between sleep disturbances and cognition is
found, investigate the effect of sleep disturbances on individual cognitive domains,
independent of obesity, cardiometabolic covariates and sleep duration. Furthermore, sex as a
moderator of the direct associations between sleep disturbances and function in the different
cognitive domains will be investigated, as well as possible differences between men and
women in those associations.

In the normal aging population of the UK Biobank, we hypothesize that sleep
disturbances, focusing on hypersomnolence and snoring, are associated with brain structure
alterations and cognitive dysfunction through obesity and its cardiometabolic comorbidities, as
well as independently of them. We expect working memory, executive function, and reaction
time to be affected. Furthermore, we hypothesize that effect of sleep disturbances on cognitive

performance differs between men and women.
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9.2 Methods
Study Population

In this study, we used data from the UK Biobank, a long-term database that began initial
assessments in 2006 and collected a wide range of health information on participants such as
physical measurements, biological samples, lifestyle questionnaires, cognitive tests and
imaging[%!']. Following Morys et al.[*3], we only included participants with available brain
imaging data (n=38,346) and then excluded individuals with a diagnosis of neurological illness
(n=1966). For analyses, we used data collected at two-time points; initial assessment (obesity
measures, blood markers, and confounders) and imaging visit (brain magnetic resonance
imaging (MRI), sleep disturbances measures, cognitive tests, and confounders), approximately 8
years later. All participants signed informed consent forms prior to participating in the UK
Biobank that was approved by the North-West Multi-Centre Research Ethics Committee. This
research was conducted using the UK Biobank Resource under Application Number 35605.
Sleep disturbances

Sleep disturbances were measured using four sleep behavior questions self-reported at
the imaging visit: I) “Does your partner or a close relative or friend complain about your
snoring?”, with answers yes or no; Il) “How likely are you to doze off or fall asleep during the
daytime when you don’t mean to? (e.g., when working, reading or driving)” with possible
answers 1) Never/rarely, 2) Sometimes, 3) Often, 4) All the time; Ill) “Do you have a nap during
the day?” with possible answers 1) Never/rarely, 2) Sometimes, or 3) Usually; and IV) “On an
average day, how easy do you find getting up in the morning?” with possible answers 1) Not at

all easy, 2) Not very easy, 3) Fairly easy, 4) Very easy.
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Obesity

Obesity measures included body mass index (BMI), body fat percentage (BFP) and waist-
to-hip ratio (WHR). BMI and BFP measures were provided by the UK Biobank, WHR was
calculated by dividing waist circumference by hip circumference.
Cardiometabolic comorbidities

Hypertension was defined using self-reported diagnosis, and from resting systolic and
diastolic blood pressure (BP) collected at initial assessment (mean of two measurements).
Diabetes was defined with self-reported diagnosis and serum glucose and hemoglobin Alc
(HbA1c) levels. Serum C-reactive protein (CRP) was used as a measure of inflammation[?'?] and
dyslipidemia was defined using high-density lipoprotein cholesterol (HDL) and serum
triglycerides (TG) levels. All blood markers were collected non-fasting.
Brain imaging

Four brain MRI variables that were pre-processed by the UK Biobank, were
investigated[2%3]. Cortical thickness was derived with FreeSurfer by Desikan-Killiany-Tourville
(DKT) atlas (thickness of all DKT parcels)[?4,2%°], cortical volume derived from T1 brain
structural imaging (a global measure for total volume of peripheral grey matter), and
subcortical volume was derived with FreeSurfer by automatic subcortical segmentation (Aseg; a
global measure for total volume of subcortical grey matter)[2!4,216]. Volume of WMH was
derived from T1 and T2-FLAIR imaging and calculated using Brain Intensity AbNormality

Classification Algorithm (BIANCA; global measure for total volume of WMH)[?Y7].
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Cognition

Cognition was measured using six cognitive tests conducted at the imaging visit via
touchscreen interface. Although the UK Biobank did not administer validated cognitive tests,
the cognitive tasks correspond well with their validated counterparts that measure similar
cognitive abilities[?*®]. The six cognitive measures were: 1) Visuospatial memory (VM), as
average number of incorrect matched pairs; 2) Processing speed as mean reaction time (RT); 3)
Prospective memory (PM), as total number of times an intention was forgotten on the PM task;
4) Fluid intelligence (Fl1), as total score on a set of reasoning tasks; 5) Working memory (WM), as
total number of digits recalled correctly and 6) Executive function (EF), as the total number of
puzzles solved correctly in a tower rearranging task. Higher scores in VM, RT and PM indicated
worse cognitive performance. Loading of the six cognitive factors into a single latent variable
resulted in higher cognition scores being indicative of greater cognitive dysfunction.
Statistical Analyses

A structural equation model (SEM) was used to test for associations determined a priori.
Prior to analyses, volumes of cortical and subcortical grey matter, and WMH were corrected for
intracranial volume. Secondly, WMH, BMI, CRP, TG, HDL, HbA1c and glucose levels were log-
transformed. All continuous measures were normalized. Furthermore, since lower levels of HDL
are indicative of a healthier constitution, we multiplied HDL by -1 for ease of interpretation.
Next, we pairwise excluded outliers that were 2.2 interquartile range below 1t or above 3™
quartile, resulting in a sample size of 36,468. Finally, we residualized all measured variables in

the SEM to control for confounders (list found in Confounders section).
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The lavaan package[?*°] in R[*%°] was used to test the SEM with eleven latent variables:
1) sleep disturbances (the four self-reported sleep measures), 2) obesity (BMI, BFP, WHR), 3)
hypertension (hypertension diagnosis, systolic and diastolic BP), 4) inflammation (CRP levels), 5)
diabetes (diabetes diagnosis, glucose and HbA1c levels), 6) dyslipidemia (TG and HDL levels), 7)
cortical thickness (mean thickness of all parcels weighted by surface area of each hemisphere),
8) cortical volume, 9) subcortical volume, 10) WMH, and 11) cognition (the six cognitive
measures). Since the latent variable dyslipidemia was composed of two measures (TG and HDL),
we constrained the loading factors of both so that they would be weighed equally. We allowed
for residual correlations between cortical thickness, cortical and subcortical volume and
between similar metabolic syndromes: WHR and hypertension, diabetes, and dyslipidemia. The
model used maximum likelihood estimation (ML) with robust standard errors and excluding
pairwise missing values, Model fit was assessed using comparative fit index (CFl), root mean
square of error approximation (RMSEA) and standardized root mean square residual (SRMR).

To investigate the association between sleep disturbances and each cognitive domain,
we used multiple linear regression models. To extract sleep disturbances scores for each
participant to be used in the linear regression models, we created a simpler SEM (not shown)
with only the sleep disturbances latent variable and each cognitive test as its own latent
variable. This simpler SEM used ML estimation with standard errors and used full information
maximum likelihood (FIML) to deal with missing values, allowing us to obtain sleep disturbances
scores regardless of the completeness of their cognitive data. We adjusted for the same
confounders as the main SEM with the addition of obesity measures (BMI and waist-to-hip

ratio) and cardiometabolic comorbidities (list found in Confounders section). Note that each
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regression had varying numbers of participants as not all participants completed all the
cognitive tests.

Additional linear regression models evaluating association between sleep disturbance
and cognitive domains were constructed to analyze for sex interaction and for stratification by
sex. Finally, we assessed the effect of specific sleep symptoms on cognitive outcomes by using
individual sleep items as predictors in separate linear regression models. Correction for multiple
comparisons was applied to all linear regression models using the false discovery rate (FDR)
Benjamini-Hochberg procedure.[??!]

Confounders

For all analyses, we controlled for age, sex, average household income, Townsend
Deprivation Index, highest level of education attained, depression, frequency of alcohol intake,
number of days per week of 10 minutes or more of vigorous physical activity, smoking status,
and self-reported sleep duration by residualizing the variables of interest. Age, income, physical
activity, smoking status, and sleep duration were collected at both visits; therefore, we
matched those confounders to the same visit as when the measure of interest was collected.

In our multiple linear regression model and moderation analyses, we additionally
controlled for obesity measures (BMIl and WHR), and dichotomized cardiometabolic
comorbidities. A participant was marked hypertensive if they had a HTN diagnosis, systolic BP
>140mm/Hg, and/or diastolic BP >90 mm/Hg[???]. A participant was marked diabetic if they had
a diabetes diagnosis, HbA1c levels >48 mmol/mol, and/or glucose levels >11 mmol/L[?%3,2%4] A

participant was marked with dyslipidemia if they had TG levels >2.3 mmol/L[??°], and/or HDL

37



levels <1.2 mmol/L[??8]. Lastly, participants were marked with inflammation if they had CRP
levels >10 mg/L[??,2%].
9.3 Results
Demographic Characteristics

The study population was comprised of 36,468 individuals, 46.7% male with a mean age
of 63.6 + 7.5 years at the imaging visit (Table 1). Only 0.6% of the sample self-reported a
diagnosis of OSA, in contrast to 33.8% self-reported loud snoring. The average BMI (26.5 £ 4.2)
indicated a slightly overweight study population. The mean Townsend deprivation index, a
socioeconomic measure, was -1.91 £ 2.7, which suggests participants were on average from
affluent areas of the UK.
Sleep disturbances are directly associated with cognitive dysfunction, and through pathways
involving obesity, cardiometabolic comorbidities and brain structure alterations

In the main SEM, we investigated associations between sleep disturbances, obesity,
cardiometabolic comorbidities, brain imaging variables and cognition (Figure 1). Sleep
disturbances were associated with increased prevalence of obesity, diabetes, dyslipidemia, and
inflammation, and with lower prevalence of hypertension (Table 2). In turn, obesity, diabetes,
and dyslipidemia were associated with increased WMH, and WMH were positively related to
cognitive dysfunction. Note that a higher cognitive score represents greater cognitive
dysfunction. Furthermore, dyslipidemia and WMH were associated with increased subcortical
volume that was in turn associated with cognitive dysfunction. We found that hypertension,
diabetes, inflammation, and WMH were all associated with reduced cortical thickness.

Reduced cortical thickness was associated with cognitive dysfunction. Sleep disturbances were
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also directly associated with increased WMH, reduced cortical volume, and reduced subcortical
volume. In addition, we found that sleep disturbances, hypertension, diabetes, inflammation,
dyslipidemia, WMH and increased subcortical volume were directly associated with reduced
cognitive function. The SEM also showed that sleep disturbances defined as self-reported
snoring and hypersomnolence were directly associated with cognitive dysfunction. The model
produced the following fit indices: y?(253)=7088.121, p<0.001; CFI=0.952; RMSEA=0.027;
SRMR=0.027, indicating a good fit.

We performed a sensitivity analysis using definitions from inpatient records and/or
self-reported diagnoses for hypertension and diabetes. There were no differences from the
main model in significant associations (results not shown).

Sleep disturbances are associated with cognitive deficits in several domains

Using multiple linear regression, sleep disturbances were associated with slower
reaction times, and lower scores in fluid intelligence, working memory and executive function,
independently of obesity and cardiometabolic disorders (Table 3). Sleep disturbances were not
significantly associated with visuospatial and prospective memory.

Sex does not moderate associations between sleep disturbances and cognitive deficits

Analyses with sex as a moderator did not find any significant moderating effects
(interactions) of sex on the associations between sleep disturbances and any of the cognitive
domains (Table 4). When stratifying by sex, the magnitudes of the beta point estimate
indicated that males performed worse compared to females, especially in fluid intelligence and

working memory, however confidence intervals overlapped considerably (Table 5).
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Specific sleep symptoms have different cognitive implications

We also investigated the relations between each sleep measure (snoring, daytime
sleepiness, likelihood to nap during the day and difficulty getting up in the morning) and each
cognitive domain (Table 6). Snoring was not significantly associated with any cognitive domain.
Daytime sleepiness was associated with slower reaction times and poorer executive function.
Likelihood to nap was associated with poorer visuospatial memory, fluid intelligence, working
memory, executive function, and slower reaction times. Difficulty getting up in the morning

was associated with poorer fluid intelligence and working memory.
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Figure 1: Sleep disturbances are associated with cognitive dysfunction through
cardiometabolic comorbidities and brain imaging changes. Associations between latent
variables were adjusted for age, sex, income, Townsend Deprivation Index, education,
depression, alcohol intake, physical activity, smoking status, and sleep duration. Magnitudes of
each association are listed in Table 2. Bolded lines represent significant associations at p<0.05
and dashed lines represent nonsignificant associations. Variables highlighted in blue and purple
were measured at initial visit and variables highlighted in orange and yellow represent
measures at 8-year follow-up. EDS: excessive daytime sleepiness, Nap: likelihood to nap, GM:
how easy to get up in the morning, BMI: body mass index, BFP: body fat percentage, WHR:
waist-to-hip ratio, HbAlc: hemoglobin Alc, TG: triglycerides, HDL: high density lipoprotein, SBP:
systolic blood pressure, DBP: diastolic blood pressure, CRP: c-reactive protein, VM: visuospatial
memory, EF: executive function, WM: working memory, Fl: fluid intelligence, PM: prospective

memory, RT: reaction time.
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9.5 Tables

Table 1: Demographic characteristics of the normal aging population in the UK Biobank.

Characteristics

All (n=36,468)

Female (n=19,444)

Male (n=17,021)

Age (years)

Sex (n male, %)

Body mass index (kg/m?)

Waist-to-hip ratio

Education qualifications

(n, %)*
College/University
degree

A levels/AS levels or
equivalent

O levels/GCSEs or

equivalent

CSEs or equivalent

NVQ/HND/HNC or

equivalent

Other professional

gualifications (e.g.

nursing, teaching)
Alcohol consumption
(n, %)*

Never

Monthly or less

2-4 times a month

2-3 times a week

4 or more times a
week

Smoking status (n, %)*

Past smoker
Current smoker
Never

Townsend deprivation

index

63.6 (7.5)
17,021 (46.7)
26.5 (4.2)
0.85 (0.09)

17,735 (48.6)

4401 (12.1)

6432 (17.6)

1378 (3.8)
2126 (5.8)

1813 (5.0)

1703 (4.7)
3079 (8.4)
4730 (13.0)
7970 (21.9)
7769 (21.3)

12,108 (33.2)
1243 (3.4)
22,764 (62.4)

-1.91(2.7)

63.0 (7.4)

26.0 (4.5)
0.80 (0.07)

9244 (47.5)

2479 (12.7)

3749 (19.3)

746 (3.8)
714 (3.7)

1162 (6.0)

1141 (5.9)
2143 (11.0)
2826 (21.5)
4188 (21.5)
3546 (18.2)

5939 (30.5)
563 (2.9)
12,743 (65.5)

-1.87 (2.7)

64.3 (7.6)

27.1(3.7)
0.92 (0.06)

8491 (49.9)

1922 (11.3)

2683 (15.8)

632 (3.7)
1412 (8.3)

651 (3.8)

562 (3.3)
936 (5.5)
1904 (11.2)
3782 (22.2)
4223 (24.8)

6169 (36.2)
680 (4.0)
10,021 (58.9)

-1.95 (2.7)
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Income (£ / n, %)*

Less than 18,000 3974 (10.9) 2464 (12.7) 1510 (8.9)
18,000 — 30,999 8850 (24.7) 4903 (25.2) 3947 (23.2)
31,000 - 51,999 9960 (27.3) 4997 (25.7) 4963 (29.2)0
52,000 - 100,000 7611 (20.9) 3509 (18.1) 4102 (24.1)
>100,000 2443 (6.7) 1068 (5.5) 1375 (8.1)
Depression (n, %) 5144 (14.1) 3420 (17.6) 1723 (10.1)
Hypertension (n, %) 6602 (18.1) 2985 (15.4) 3617 (21.3)
Diabetes (n, %) 893 (2.5) 328 (1.7) 565 (3.3)
Sleep duration (hours) 7.1(1.1) 7.1(1.1) 7.2 (1.1)
Obstructive sleep apnea 209 (0.6) 46 (0.2) 163 (1.0)
(n, %)
Snoring (n, %) 12,212 (33.5) 5072 (26.1) 7140 (41.9)

Daytime sleepiness
(n, %)*

Never/rarely

27,945 (76.6)

15,428 (79.3)

12,517 (73.5)

Sometimes 7414 (20.3) 3494 (18.0) 3920 (23.0)
Often 826 (2.3) 381 (2.0) 445 (2.6)
All the time 0 0 0
Likelihood to nap (n, %)*
Never 20,859 (57.2) 12,472 (64.1) 8387 (49.3)
Sometimes 13,377 (36.7) 6238 (32.1) 7139 (41.9)
Usually 1986 (5.5) 605 (3.1) 1381 (8.1)
How easy to get up in the
morning (n, %)*
Not at all easy 877 (2.4) 652 (3.4) 225 (1.3)
Not very easy 3738 (10.3) 2458 (12.6) 1279 (7.5)
Fairly easy 16,632 (48.4) 9714 (50.0) 7918 (46.5)
Very easy 13,962 (38.3) 6483 (33.3) 7477 (43.9)

Legend: GSCEs: General Certificate of Secondary Education, CSEs: Certificate of Secondary
Education, NVQ: National Vocational Qualification, HND: Higher National Diploma, HNC:
Higher National Certificate; *Percentages may not add up to 100% as participants had the

option to answer “Prefer not to answer” or “l don’t know”
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Table 2: Associations between latent variables from SEM represented in Figure 1.

Predictors and outcomes Regression coefficient
Sleep disturbances impact on:
Obesity 1.468 ***
Hypertension -0.050 ***
Inflammation 0.285 ***
Diabetes 0.058 ***
Dyslipidemia 0.787 ***
Cortical thickness -0.012
Cortical volume -0.228 ***
Subcortical volume -0.362 ***
WMH 0.311 ***
Cognitive dysfunction 0.144 ***
Obesity impact on:
Hypertension 0.022 ***
Inflammation 0.532 ***
Diabetes 0.017 ***
Dyslipidemia 0.362 ***
Cortical thickness 0.016 *
Cortical volume -0.011
Subcortical volume -0.058 ***
WMH 0.030 ***
Cognitive dysfunction 0.001
Hypertension impact on:
Cortical thickness -0.270 ***
Cortical volume 0.011
Subcortical volume 0.546 ***
WMH 1.563 ***
Cognitive dysfunction 0.051 ***
Inflammation impact on:
Cortical thickness -0.014 **
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Cortical volume
Subcortical volume
WMH

Cognitive dysfunction

Diabetes impact on:

Cortical thickness
Cortical volume
Subcortical volume
WMH

Cognitive dysfunction

Dyslipidemia impact on:

Cortical thickness
Cortical volume
Subcortical volume
WMH

Cognitive dysfunction

WMH impact on:

Cortical thickness
Cortical volume
Subcortical volume

Cognitive dysfunction

Cortical thickness impact on:

Cognitive dysfunction

Cortical volume impact on:

Cognitive dysfunction

Subcortical volume impact on:

Cognitive dysfunction

Legend: * = p<0.05, ** = p<0.01, *** = p<0.001

0.003

0.005

0.004
0.005 ***

-1.056 ***
-0.693 ***
0.063
1.087 ***
0.143 ***

0.042 ***
0.076 ***
0.072 **x*
0.035 ***
0.007 *

-0.112 ***

-0.188 ***

0.077 ***

0.012 ***

-0.004 **

-0.002

0.009 ***
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Table 3: Cognitive performance in specific domains in association with sleep disturbances

Beta (95% Cl)?!
Visuospatial memoryt (n=23,748) 0.0056 (-0.0071, 0.0183)
Reaction timet (n=23,658) 0.0422 (0.0299, 0.0545) ***
Prospective memoryt (n=23,739) 0.0039 (-0.0087, 0.0164)
Fluid intelligence (n=23,392) -0.0272 (-0.0403, -0.0141) ***
Working memory (n=16,879) -0.0312 (-0.0460, -0.0164) ***
Executive function (n=16,145) -0.0713 (-0.0866, -0.0559) ***

Legend: * = p<0.05, ** = p<0.01, *** = p<0.001; thigher score signifies worse performance;
'Adjusted for age, sex, BMI, waist-to-hip ratio, income, Townsend Deprivation Index,
education, depression, alcohol intake, physical activity, smoking status, sleep duration,
hypertension, diabetes, inflammation, and dyslipidemia; Benjamini-Hochberg corrected for

multiple comparison



Table 4: Sex as a moderator of sleep disturbances on cognitive performance

Beta (95% Cl)?!
for interaction Sleep disturbances x Sex

Visuospatial memoryt (n=23,748) -0.0152 (-0.0099, 0.0402)
Reaction timet (n=23,658) -0.0070 (-0.0312, 0.0172)
Prospective memoryt (n=23,739) 0.0052 (-0.0196, 0.0299)

Fluid intelligence (n=23,392) -0.0211 (-0.0468, 0.0046)
Working memory (n=16,879) -0.0211 (-0.0503, 0.0080)
Executive function (n=16,145) -0.00002 (-0.0302, 0.0301)

Legend: * = p<0.05, ** = p<0.01, *** = p<0.001; thigher score signifies worse performance;
'Adjusted for age, BMI, waist-to-hip ratio, income, Townsend Deprivation Index, education,
depression, alcohol intake, physical activity, smoking status, sleep duration, hypertension,
diabetes, inflammation, and dyslipidemia; Benjamini-Hochberg corrected for multiple

comparison



Table 5: Cognitive performance in association with sleep disturbances for females and males.

Associations Beta (95% Cl)?!

Female - Sleep disturbances and

Visuospatial memoryt (n=12,965) -0.0015 (-0.0185, 0.0156)
Reaction time*t (n=12,915) 0.0416 (0.0252, 0.0580) ***
Prospective memoryt (n=12,959) 0.0004 (-0.0164, 0.0172)
Fluid intelligence (n=12,777) -0.0188 (-0.0364, -0.0012)
Working memory (n=9,260) -0.0227 (-0.0427, -0.0028)
Executive function (n=8,868) -0.0689 (-0.0895, -0.0482) ***

Male - Sleep disturbances and

Visuospatial memoryt (n=10,783) 0.0118 (-0.0070, 0.0306)
Reaction timet (n=10,743) 0.0441 (0.0257, 0.0625) ***
Prospective memoryt (n=10,780) 0.0093 (-0.0093, 0.0278)
Fluid intelligence (n=10,615) -0.0345 (-0.0535, -0.0152) ***
Working memory (n=7,619) -0.0387 (-0.0605, -0.0169) ***
Executive function (n=7,277) -0.0728 (-0.0954, -0.0502) ***

Legend: * = p<0.05, ** = p<0.01, *** = p<0.001; thigher score signifies worse performance;
'Adjusted for age, BMI, waist-to-hip ratio, income, Townsend Deprivation Index, education,
depression, alcohol intake, physical activity, smoking status, sleep duration, hypertension,
diabetes, inflammation, and dyslipidemia; Benjamini-Hochberg corrected for multiple

comparison.

49



Cognitive performance in association with subjective sleep measures

Table 6
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Legend: * = p<0.05, ** = p<0.01, *** = p<0.001; Thigher score signifies worse performance;

!Adjusted for age, sex, BMI, waist-to-hip ratio, income, Townsend deprivation Index,

education, depression, alcohol intake, physical activity, smoking status, sleep duration,

hypertension, diabetes, inflammation, and dyslipidemia; Benjamini-Hochberg corrected for

multiple comparison.
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10. Associations between sleep disturbances and cognitive performance in a Parkinson’s

population

10.1 Objectives

The primary objective of this study was, in the PD population of the UK Biobank, to
investigate the effect of sleep-disordered breathing, defined as OSA and/or self-reported loud
snoring, on cognitive performance. The secondary objective was to investigate the effect of
EDS, a common consequence of PD, on cognitive performance, independent of known
covariates such as hypertension and depression.

In the PD population of the UK Biobank, we hypothesize that sleep-disordered
breathing, defined as snoring and/or OSA, are associated with poorer cognitive performance,
and that subjective EDS is associated with poorer cognitive performance.

10.2 Methods
Study Population

Data collected at the initial assessment of the UK Biobank was used, which included
demographic, lifestyle, and biological data from approximately 500,000 participants. We only
included participants with an inpatient record of PD and/or self-reported PD and no other
neurological disorders (n=2111). We then excluded participants with missing data for snoring or
EDS (n=235). All participants signed informed consent forms prior to participating in the UK
Biobank project, which was approved by the North-West Multi-Centre Research Ethics
Committee. This research was conducted using the UK Biobank Resource under Application

Number 35605.
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Sleep disturbances

We investigated 2 different definitions of sleep disturbances: 1) an OSA diagnosis from
inpatient records and/or self-reported snoring by answer “yes” to “Does your partner or a close
relative or friend complain about your snoring”; and 2) self-reported EDS variable by answering
“How likely are you to doze off or fall asleep during the daytime when you don’t meant to?”
with i) Never/rarely, ii) Sometimes, iii) Often, or iv) All the time. We dichotomized the EDS
variable by grouping participants who answered “Sometimes”, “Often” and “All the time” into
“EDS” and participants who answered “Never/rarely” were categorized as “no EDS”.
Cognitive Tests

Cognition was measured using the same tests described in Ch. 9.2 Methods — Cognition.
The tower rearranging task used to measure executive function was not tested during initial
assessment, therefore was excluded in this chapter’s analyses.
Statistical Analyses

We used R and the base package[??°] to perform all statistical analyses. Student’s T-test
was used with continuous variables and Chi-square test was used with categorical variables to
evaluate the differences in demographic characteristics between PD patients with OSA and/or
snoring and patients without OSA or snoring. Univariable linear regression modeling was
performed to investigate relationships between each baseline characteristics and cognitive
performance.

Multiple linear regression modeling was used to evaluate the associations between the
2 definitions of sleep disturbances, 1) OSA and/or snoring and 2) EDS, with each cognitive test,

respectively. We investigated an unadjusted model, model 2 adjusted for age, sex, BMI and
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education, and model 3 adjusted for model 2 covariates in addition to hypertension, diabetes,
depression, and EDS. We also investigated the association between EDS and cognitive
outcomes using multiple linear regression model and similarly evaluated an unadjusted model,
model 2 and model 3 confounders, except we removed EDS as covariate in model 3.
10.3 Results
Demographic Characteristics

We identified 1,876 individuals with PD in the UK Biobank, with 39.8% reporting OSA
and/or snoring (Table 7). Of the PD patients reporting OSA and/or snoring, 71.9% were male.
There was also a significantly larger proportion of those with OSA and/or snoring having
hypertension and higher BMI and WHR. Participants who had neither OSA or snoring had longer
PD duration and interestingly, EDS was not significantly different between both groups.
Age, BMI, education, hypertension, depression, and EDS were associated with changes in
cognitive performance

Univariable linear regression showed that years of education was associated with better
working memory, fluid intelligence and faster processing speed (Table 8). Age was associated
with poorer visuospatial memory and slower processing speed. Male sex was associated with
faster processing speed. Hypertension was associated with poorer performance in fluid
intelligence, visuospatial memory, and slower processing speed. Depression was associated
with poorer working memory, fluid intelligence, and visuospatial memory as well as slower
reaction time. Finally, EDS was associated with poorer performance in fluid intelligence and

slower reaction time.
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WHR, PD duration, past smoking, current smoking, diabetes, and stroke were not
significantly associated with any of the cognitive tests.

OSA and/or snoring was associated with better working memory and faster processing speed
In the unadjusted model, OSA and/or snoring was associated with better working
memory and faster processing speed (Table 9). In model 2, after adjusting for age, sex, BMI, and

education, OSA and/or snoring was still significantly associated with improved working
memory, but no longer associated with reaction time. In model 3, OSA and/or snoring was
significantly associated with faster reaction time and no longer associated with working
memory, independent of model 2 covariates in addition to hypertension, diabetes, depression,
and EDS.

We performed a sensitivity analysis using only OSA diagnosis as the exposure and there
were no significant associations with any of the cognitive tests, possibly due to reduced sample
size.

EDS was associated with slower processing speed, independent of covariates

In the unadjusted model, EDS was associated with poorer performance in fluid
intelligence and slower reaction time (Table 10). After adjusting for the covariates of model 2,
EDS was only associated with slower reaction time. Similarly, in model 3, EDS was only

associated with slower reaction time.
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10.4 Tables

Table 7: Demographic characteristics of the PD population in the UK Biobank (N=1,876)

OSA and/or snoring | No OSA or snoring p-value*
(n=747) (n=1129)

Age (years) 62.8 (5.1) 62.9 (5.7) ns
Sex (n male, %) 537 (71.9) 640 (56.7) <0.001
Body mass index (kg/m?) 28.3(4.4) 27.1(4.6) <0.001
Waist-to-hip ratio 0.92 (0.08) 0.89(0.09) <0.001
Parkinson’s disease 10.4 (6.1) 11.3 (6.7) 0.001
duration (years)

Education (years) 12.4 (2.6) 12.6 (2.5) ns
Ever smoked (n, %) 451 (60.4) 630 (55.8) ns
Current smoker (n, %) 51 (6.8) 65 (5.8) ns
Hypertension (n, %) 387 (51.8) 509 (45.1) 0.005
Diabetes (n, %) 56 (7.5) 98 (8.7) ns
Stroke (n, %) 19 (2.5) 27 (2.4) ns
Heart attack (n, %) 29 (3.9) 50 (4.4) ns
Depression (n, %) 126 (16.9) 193 (17.1) ns
Excessive daytime 331 (44.3) 457 (40.4) ns

sleepiness (n, %)

*Student’s T-test was used for continuous variables and Chi-square test was used for

categorical variables; ns = nonsignificant at p > 0.05.
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Univariable analyses of baseline characteristics in association with cognitive outcomes

Table 8

in individuals with PD.
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p<0.05, ** = p<0.01, *** =

Legend: *
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Table 9: Cognitive performance in association with snoring and/or OSA in individuals with PD.

Associations

Unadjusted -
Beta (95%Cl)

Model 2° —
Beta (95%Cl)

Model 3 —
Beta (95%Cl)

Working memory
(n=171)

Fluid intelligence
(n=519)

Prospective
memoryt (n=560)
Visuospatial
memoryt (n=1846)

Reaction timet
(n=1809)

0.56 (0.15, 0.97)**

0.28 (-0.094, 0.66)

-0.027 (-0.11, 0.060)

-0.15 (-0.35, 0.047)

-20.61 (-35.8, -5.4)**

0.45 (0.033, 0.86)*

0.29 (-0.085, 0.67)

-0.30 (-0.12, 0.060)

-0.14 (-0.34, 0.065)

-15.27 (-30.7, 0.19)

0.39 (-0.025, 0.81)

0.32 (-0.063, 0.69)

-0.033 (-0.12, 0.060)

-0.14 (-0.34, 0.061)

-16.77 (-32.1, -1.3)*

Legend: * = p<0.05, ** = p<0.01, *** = p<0.001; thigher score signifies worse performance.

aModel 2 adjusted for age, sex, BMI, and education, "Model 3 adjusted as for model 2 and for

hypertension, diabetes, depression, and EDS
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Table 10: Cognitive performance in association with EDS in individuals with PD.

Associations

Unadjusted -
Beta (95%Cl)

Model 2° —
Beta (95%Cl)

Model 3 —
Beta (95%Cl)

Working memory
(n=171)

Fluid intelligence
(n=519)

Prospective
memoryt
(n=560)
Visuospatial
memoryt
(n=1846)

Reaction timet
(n=1809)

-0.16 (-0.58, 0.27)

-0.40 (-0.79, -0.023)*

0.023 (-0.064, 0.11)

0.058 (-0.14, 0.26)

29.8 (14.7, 44.8)***

-0.28 (-0.69, 0.14)

-0.30(-0.67, 0.068)

0.0023 (-0.087, 0.092)

0.045 (-0.15, 0.24)

29.7 (14.5, 44.9)***

-0.18 (-0.60, 0.24)

-0.29 (-0.66, 0.081)

0.0016 (-0.088, 0.091)

0.39(-0.16, 0.24)

29.7 (14.5, 44.8)***

Legend: * = p<0.05, ** = p<0.01, *** = p<0.001; Thigher score signifies worse performance.

aModel 2 adjusted for age, sex, BMI, and education, "Model 3 adjusted as for model 2 and for

hypertension, diabetes, and depression.
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11. White Matter Integrity in Patients with Parkinson’s Disease and Obstructive Sleep

Apnea — A Pilot Study

11.1 Objectives

The primary objective of this pilot study includes using a sample PD population from the
Quebec Parkinson’s Network (QPN) to compare white matter integrity (WMI) in individuals with
and without OSA based on the STOP-BANG questionnaire. Another objective is to investigate
the associations between objective measures of OSA and WMI in a subset of PD patients, as
well as collecting pilot subjective sleep measures using sleep-related questionnaires.

In the PD population of the QPN, we hypothesize that OSA contributes to the loss of
WMI, independent of age, sex, PD duration, depression, and cardiometabolic comorbidities.
11.2 Methods
Study Population

Participants will be recruited from the QPN, that have collected participants’ lifestyle
and clinical data including PD information such as responses to PD-related questionnaires. The
QPN is an open-access longitudinal repository with sociodemographic and clinical data on PD
patients in Quebec, with over 1,400 PD patients registered in 2019[?%°]. The QPN provides a
resource for clinicians and researchers to perform studies with the goal of better understanding
the mechanisms of PD and develop potential treatments[??°]. Participants of QPN, are also
invited to participate in Clinical Biological Imaging and Genetic repository (C-BIGR), which is
another open-access repository that collects clinical, biological, imaging and genetic data on
patients with neurological diseases and healthy controls[?3°]. Inclusion criteria include 1) a

diagnosis of Parkinson’s disease confirmed by a neurologist, based on the Clinical Diagnostic
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Criteria of the Movement Disorder Society[¢?], 2) sufficient knowledge of English or French to
complete questionnaires and 3) available neuroimaging data within the C-BIG Repository.
Exclusion criteria are 1) other major neurological disorder or 2) receiving treatment for OSA at
the time of study or within 1 month prior to the brain MRI. Participants will receive an
electronic informed consent form via REDCap prior to participation. The project is approved by
the McGill University Health Care Centre (MUHC) Research Ethics Board.

OSA-related and sleep-related questionnaires

Screening for OSA will be done using STOP-BANG[>?], a validated questionnaire that is
highly sensitive for OSA in the general population. Our lab has previously found STOP-BANG to
be adequately sensitive in detecting OSA in PD patients[?3!]. Sleep measures will be collected
using the following tools: 1) Epworth Sleep Scale (ESS) to measure EDS[®] 2) Parkinson’s
Disease Sleep Scale — 2 (PDSS-2) to measure sleep quality related to PD[*°] 3) Scales for
Outcomes in Parkinson’s disease — Sleep (SCOPA-S) to measure PD-related insomnia['6?] 4)
Geriatric Depression Scale (GDS) will be used to screen for depression[?32] and lastly 5) REM
Sleep Behaviour Disorder (RBD) Questionnaire (RBDSQ) to screen for RBD[?33].

The questionnaires were developed in electronic form and responses will be collected
using REDCap: a web-based platform for research studies to collect data remotely[234,23°].
Participants will be contacted via email or phone call. An email will then be sent to interested
individuals with a link to complete the informed consent document, as approved by the
Research Ethics Board of MUHC. After completion of the consent form, a unique link will be
sent allowing participants to answer the questionnaires on their own time and at their own

pace. Two reminders will be sent if no answer is received at 2-weekly intervals.
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Polysomnography

Polysomnography (PSG) data of a subset of participants were collected from other
projects within our group that followed standard PSG protocols[?3¢].
Neuroimaging

MRI data is available through the C-BIGR. Neuroimaging will be used for brain structure
variables including fractional anisotropy (FA) and mean diffusivity (MD) as measures of WMI
changes.

Statistical analyses

From the QPN phone and email recruitment, assuming a response rate of 25%, we
expect 350 questionnaire responses. The C-BIGR currently has over 150 participants who have
undergone brain MRI and recruitment is still ongoing. We expect approximately a 40% response
rate in this group resulting in recruitment of 60 PD patients with brain imaging data, with 20 of
them having PSG data through other studies in our lab. As of 2020, 12 participants in our lab’s
sleep research database were also registered with C-BIGR.

Student T-test or chi-square test will be used to evaluate differences in demographic
data between patients at low compared at high risk of OSA, as determined by STOP-BANG.
Univariable linear regression modeling will be performed to investigate the associations of
covariates such as age, sex, BMI, and comorbidities with WM changes. Multiple linear
regression model will be used to evaluate the association between OSA and WM measures
while controlling for covariates determined from the univariate models. In the subset of
participants with PSG data, we will evaluate the association between presence of OSA and

guestionnaire scores. In addition, the association of OSA variables such AHI and RDI, as well as
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intermittent hypoxemia and sleep fragmentation measures, with WM changes will be
investigated using similar statistical models.
11.3 Predicted Outcomes
Differences between PD patients at high risk and low risk of OSA

We predict that PD patients at high risk of OSA will be predominantly male, with
hypertension, and greater age, BMI, and neck size. We also predict that PD duration,
symptomatic subtypes categorized using subjective sleep questionnaires and medication will
have an effect on the risk of OSA, as determined by STOP-BANG. Determining the effects of the
covariates and sleep-related variables will be preliminary data in fine-tuning the methodology
for future studies using STOP-BANG to assess OSA in PD populations.
WM integrity changes are more extensive in PD patients at high risk of OSA

We predict that PD patients at high risk of OSA have poorer WMI. Patients categorized
at high risk of OSA, as determined by STOP-BANG, will have lower FA and greater MD compared
to PD patients categorized as low risk of OSA. Similarly, we predict that PD patients with a
higher AHI, respiratory disturbance index (RDI), and oxygen desaturation index (ODI) as
determined by PSG, are associated with lower FA and greater MD. We will also explore effects
of different sleep architecture changes on MRI findings.
Subjective sleep quality is compromised in the PD population

We predict that within our PD population, those at high risk of OSA as determined by
STOP-BANG, we will observe greater frequency of participants reporting poorer subjective sleep
quality as determined by ESS, PDSS-2, and SCOPA-S questionnaires compared to participants at

low risk of OSA . Furthermore, the frequency of PD participants reporting depression
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determined by GDS and RBD determined by RBDSQ, will also be greater compared to PD

participants at low risk of OSA.
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12. Discussion

This thesis investigated the interrelations of sleep disturbances, obesity and its
cardiometabolic consequences, brain structural alterations and cognition an aging population
of the UK Biobank, as well as the associations between sleep disturbances and cognitive
performance in a PD population of the UK Biobank. Additionally, a project to investigate the
effects of OSA on WMl in PD patients was described.

12.1 Effects of sleep disturbances in a normal aging population

In the normal aging population, we found that sleep disturbances defined using
guestions on daytime sleepiness, napping, difficulty getting up in the morning and disturbing
snoring, were associated with poorer cognitive performance directly as well as indirectly
through obesity, diabetes, dyslipidemia, inflammation, reduced cortical thickness and increased
WMH. Furthermore, sleep disturbances were directly associated with slower reaction times and
poorer performance in fluid intelligence, working memory and executive function. Sex did not
moderate the associations between sleep disturbances and individual cognitive domains and
the magnitude of these associations did not differ significantly between sex.

Firstly, our SEM model provided novel evidence that sleep disturbances, defined as
hypersomnolence and loud snoring, were directly associated with brain structural alterations
such as reduced cortical and subcortical volume and increased WMH, and directly associated
with global cognitive dysfunction, using a large cohort within a single model also assessing
cardiometabolic comorbidities and independently of sleep duration. Our findings fill the lack of
evidence on the relations between sleep disturbances and neurocognitive consequences,

previously only found in separate models and smaller studies[’®,79,83,103],
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Secondly, our results found sleep disturbances to be positively associated with diabetes,
inflammation, and dyslipidemia. It has been previously known that sleep disturbances such as
OSA and short sleep duration were associated with increased risk of metabolic and
cardiovascular disease[?’]. We expand on this by demonstrating these associations in a large
sample size, independently of sleep duration and with a focus on sleepy-related symptoms.
Moreover, the hypersomnolence aspect of our sleep disturbances definition support EDS as a
risk factor of increased incidence of cardiovascular disease, morbidity and mortality using a
large cohort[?38,23%]. However, contrary to studies that found EDS to be associated with
hypertension[?4%-242] we found that sleep disturbances were negatively associated with
hypertension. A previous study has similarly found that normotensives reported subjective EDS
more frequently than hypertensives[?*3]. These conflicting results may be due to the
heterogeneity of the underlying mechanism causing hypertension. For example, both
hypertension and insomnia can be related to a hyperarousal state with increased sympathetic
nervous system activation[?*4].

We identified sleep disturbances, defined as daytime sleepiness and loud snoring, to be
associated with poorer fluid intelligence, working memory and executive function, as well as
slower reaction times. This parallels a previous study that found OSA to be associated with
poorer memory, attention, and executive function[®¢]. Our findings using a definition of sleep
disturbances that includes EDS, support reports of significant cognitive differences being
identified between OSA patient with and without EDS[?#°]. Additionally, we found that EDS
symptoms are associated with poorer cognitive performance specifically in visuospatial

memory, processing speed, fluid intelligence, working memory and executive function,
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independent of sleep duration, obesity and cardiometabolic comorbidities. EDS is believed to
be a marker for adverse effects of OSA, both with respect to cardiovascular and cognitive
outcomes[%,193,1%4] Our findings provide novel evidence in a large cohort that
hypersomnolence symptoms are a key factor associated with poorer cognition function.

One of the possible links between sleep disturbances and cognitive dysfunction is
inflammation[2*¢]. We have found levels of the inflammatory marker CRP to be involved in the
pathway between sleep disturbances and cognitive outcomes. However, pathways not
involving inflammation were also identified. This would suggest that markers other than CRP
might be more relevant in the process, or that inflammation is not the only mechanism
involved. Alternatively, the role of CRP may be sex-related as a previous study found CRP levels
moderated the effects of OSA on cognitive performance in females, but not in males[*?4].

Using our definition of sleep disturbances, we have found in a large population sample,
that sleep disturbances were associated with increased WMH. WMH are an indicator of
cerebrovascular disease and increased risk of stroke, dementia, and cognitive
dysfunction[?*’,2%8]. Others have found WMH to be associated with sleep disturbances assessed
through various methods, e.g. the Sleep Disturbance Symptom Questionnaire (SDSQ),
actigraphy-assessed sleep changes and subjective symptoms of sleep-disordered breathing[>4*~
2511, Data on the relationship between OSA and WMH are conflicting. Some have found an
association[®3,%°2]. In a recent study however, OSA severity measures were not associated with
WMH, but EDS was not assessed[?3]. Meanwhile, EDS alone in older adults has been associated
with WMH[?°4]. Longer sleep duration has also been reported to be associated with increased

WMHI[?>°], however our results found that sleep disturbances with EDS symptoms was
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associated with increased WMH, independently of sleep duration. This may implicate EDS as
predisposing OSA patients to an increased risk of developing WMH. Furthermore, genetic
predisposition, such as ApoE €4 genotype, has been reported to be associated with increased of
WMH[?°%,257], The ApoE €4 genotype is also a risk factor of OSA[?°%] and of sleep disturbances
independent of AD[%>>°]. Therefore, perhaps it is not the OSA that leads to increased WMH, but
OSA-associated factors that have a greater impact.

Our definition of sleep disturbances was associated with reduced cortical thickness
indirectly via diabetes, inflammation and WMH, independent of sleep duration. Furthermore,
we found an association between increased WMH and reduced cortical thickness, that is in turn
associated with poor cognition. These associations have been reported in smaller clinical
cohorts[?%9,261] and we were able to provide novel evidence in a large sample size and within a
single model.

When stratifying by sex, our study did not find sex as a moderating factor on the
association between sleep disturbances and cognition, nor were there significant differences in
cognitive performance between men and women. In contrast, a large population study found
that middle-aged women at high risk of OSA (determined with STOP questionnaire), had poorer
performance in episodic memory and executive function compared to middle-aged men[*?4].
This study further noted that inflammation mediated this association in women[*?*]. The
conflicting results may be due to differences in defining sleep disturbances as well as adjusting
for different confounders.

There is evidence that snoring is a strong predictor of OSA[**,%¢] and because OSA is

known to be largely underdiagnosed[*3,%4], we used loud snoring along with questions
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pertaining to hypersomnolence to define sleep disturbances. When looking at individual
symptoms separately, self-reported loud snoring was not associated with changes in cognitive
performance. This is in contrast to OSA studies that have found OSA to be associated with
poorer cognitive outcomes[’,262,263], There is a lack of information on the prevalence of OSA in
snorers, however a pilot study reported about 75% of 273 snorers have moderate-severe OSA
as determined by PSG[?%4].

Our findings suggest that sleep disturbances, defined as hypersomnolence and snoring,
have cardiometabolic and neurocognitive consequences in the middle-aged and elderly. Next
steps should be to investigate the mechanisms of these associations as well as evaluating if
treating sleep disturbances may improve health consequences.

12.2 Effects of sleep disturbances on cognition in a Parkinson’s population

In the PD population, using multiple linear regression, we found that the presence of
OSA and/or loud snoring, was significantly associated with better working memory and faster
reaction time. Depending on the confounders adjusted for in the models, sleep-disordered
breathing, defined as an OSA diagnoses and/or self-reported loud snoring, were only
significantly associated with better working memory, independent of age, sex, BMI, and
education. However, sleep-disorder breathing was only significantly associated with faster
reaction times, when we additionally adjusted for hypertension, diabetes, depression, and EDS.
Investigating EDS on its own, it was associated with slower reaction times and worse fluid
intelligence, although only slower reaction times remained significantly associated after

adjustments.
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A previous clinical study investigating OSA in PD had reported that global cognition, as
measured by the Montreal Cognitive Assessment (MoCA), was poorer in PD patients with OSA
compared to those without[”4]. A meta-analysis on observational studies, similarly found that
OSA was associated with increased PD-related global cognitive dysfunction['’?]. Additionally,
another meta-analysis found that several cognitive domains, such as verbal recall and
recognition and executive functions were affected by poor sleep in PD patients[2¢°]. Our results
differing from previous literature were unexpected. A possible explanation may be the inclusion
of self-reported snoring in our definition of sleep-disordered breathing, due to low number of
OSA diagnosed in the PD population in the UK Biobank. This would have increased sensitivity,
but reduced specificity for OSA. Moreover, the relationship between snoring and OSA may
differ in PD patients compared with the general population[*’¢]. We were unable to ascertain
any treatment of OSA. Moreover, the self-report of snoring would require another person to be
bothered by the snoring, and so might be confounded by marital status or other factors.
Furthermore, we were not able to take into consideration medication use, which may have
affected cognition[2%6-268],

Interestingly, our univariable analyses found several baseline characteristics to be
associated with better cognitive performance in the PD population of the UK Biobank. Notably,
higher BMI was associated with faster reaction time. As PD progresses, patients typically begin
to lose weight[%¢°], therefore higher BMI may be indicative of early PD when psychomotor
activity has yet to be significantly impaired as a result of motor and non-motor symptomes.
Greater number of years of education was also associated with faster reaction times as well as

with better working memory and fluid intelligence. More years of education may be protective
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against PD-related cognitive impairment as similar findings were reported in healthy normal
middle-aged and elderly individuals, where more years of education was associated with better
cognitive performance in several domains[27°,271].

We investigated the associations of EDS and cognitive performance in PD patients and
found that EDS was associated with poorer fluid intelligence and slower reaction times, but only
the latter remained significant after adjusting for confounders. This corroborates with a
systematic review that found PD patients with EDS had greater deficits in processing speed[**?].
The review also reported poorer global cognition and executive function in PD patients with
EDS compared to patients without['*?]. However, objective rather than subjective sleepiness
has been found to be more clearly related to cognitive dysfunction including attention,
semantic verbal fluency and processing speed[?72].

Our findings showing better cognitive performance in association with sleep-disordered
breathing defined as OSA and/or snoring in PD patients warrants further work. Objective
testing will be needed to confirm the associations between specific sleep disturbances with
cognitive performance. Longitudinal studies will also be needed to determine causality, if any.
12.3 Potential Effects of OSA on White Matter Integrity in a Parkinson’s Population

The pilot study aims to investigate the associations between subjective and objective
sleep measures and WMI. This study will collect subjective and objective measures in the PD
population of the QPN. Questionnaire, PSG, and MRI data will be aggregated. The findings will
provide pilot data that may shine some light on the pathophysiological changes of the brain of

PD patients in association with OSA.
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A previous study investigated brain structural and cognitive changes in PD patients with
general sleep disturbances as measured by SCOPA-nighttime scale[%’3]. Specifically for WM
changes, they found that PD patients with sleep disturbances experienced poorer WMI
compared to PD patients without[?>’3]. However, there is little known about the WMI changes
associated with OSA in PD patients. A recent population-based study on middle-aged
individuals with OSA, but without PD reported that AHI and ODI were associated with WMH
volume, independent of WMH risk factors[®3]. Moreover, a clinical study found that prior to
CPAP treatment, OSA patients without psychiatric disorders experienced cognitive impairment
and increased sleepiness associated with compromised WMI[274]. CPAP treatment for 12
months was able to reverse affected regions in OSA patients that were compliant and had
significant improvement in memory, attention, and executive function[?74].

These findings in non-PD patients with OSA may give insight on how OSA may accelerate
WM deterioration in PD patients. It may also support the notion that CPAP treatment for PD
patients with OSA may be able to slow OSA-related cognitive impairment. Our study aims to fill
this gap in knowledge and provide evidence supporting the importance of investigating and
treating OSA to maintain sleep health in PD patients, which may provide benefits such as
slowing neurodegeneration and cognitive decline.

12.4 Limitations

This thesis has many strengths such as large sample size and pre-processed brain
imaging for analyses of the aging population of the UK Biobank. There were also different
cognitive tests available to measure cognitive domains individually. An overarching limitation

for Ch.9 and Ch.10, was that we used subjective sleep measures from questionnaires as there
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were no objective sleep measures and there was a small number of participants diagnosed with
OSA. Furthermore, there is no information in the UK Biobank on whether participants receive
treatments such as CPAP, for their sleep disturbances. The UK Biobank study population has
been noted to be overall healthier and to have higher socioeconomic status than the general
UK population[?7°]. Socioeconomic status, including education and income, is associated with
cognitive status[27627%]. As such, we controlled for education, household income, and the
Townsend deprivation Index in Ch.9. In Ch. 10, given the smaller sample size, we controlled for
education.

A limitation from Ch.9 was that we used self-reported hypertension and diabetes, which
may result in misclassification bias. However, we increased sensitivity by including objective
measures of SBP and DBP for hypertension, and glucose and Hb1Ac levels for diabetes in our
definitions. A limitation from Ch.10, is that it is unknown what criteria were used for diagnosing
PD in the UK Biobank. Although we used both self-reported and inpatient hospital records to
determine PD diagnosis, there is an uncertainty of the method and if it was consistent for all
diagnoses. Additionally, due to the small sample size of PD patients in the UK Biobank, we were
unable to conduct a similar SEM analysis in this population and there was an even smaller
number of PD patients with available brain imaging data. A limitation from Ch. 11, is that due to
the extraordinary world circumstances over the past 2 years, there has been many delays in
getting the study started. Therefore, the time interval between when a PD patient undergoes a
brain MRI and when they answer sleep-related questionnaires has become longer than

expected and may affect cross-sectional analyses. This project will also be limited due to small

72



sample size. Moreover, there may have been a delay between the PSG and the MRI. However,
it is a pilot project with the aim of gathering preliminary data to help guide future studies.
12.5 Future Directions

In the normal aging population of the UK Biobank, the next steps could be investigating
brain age as the outcome, replacing imaging and cognitive measures. Brain age is a relatively
new and upcoming measure of how old an individual’s brain is using machine learning based on
neuroimaging data[?”°]. Brain age has been shown to be associated with cognitive and
physiological aging of the brain as well as be able to predict risk of neurodegenerative
disorders[?”°]. Understanding the associations between sleep disturbances, obesity,
cardiometabolic consequences and brain age, may provide new evidence on the importance of
sleep health in the middle-aged and elderly. Additionally, the UK Biobank has genetic
information, such as genotyping, and future work should investigate for genetic predisposition.

In the PD population of the UK Biobank, as the database continues to perform brain
imaging, it may become possible to have a large enough sample size to conduct analyses using
brain imaging measures as outcomes. Moreover, similar to the next steps for the normal aging
population, investigation using brain age as an outcome in the PD population may provide new
information on the effect of sleep disturbances on brain health of PD patients. Genotyping data
should also be considered to investigate the role of genetics in these associations.

Based on the predicted results in Ch.11.3, observational and interventional studies
investigating how treating OSA in PD patients could alter WMI should be conducted and could

provide evidence on the importance of sleep health in PD evolution.
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13. Final Conclusion and Summary

The primary objective of Ch.9, investigating the interrelations between sleep
disturbances, defined as hypersomnolence and snoring, obesity, cardiometabolic disorders,
brain structural alterations and cognition in a normal aging population of the UK Biobank, was
met by conducting SEM analysis. Since a direct association between sleep disturbances and
cognition was found in the SEM, the secondary objectives related to the normal aging
population were conducted. Investigation of the associations between sleep disturbances and
specific cognitive domains was met by conducting multiple linear modelling with 6 cognitive
tests as outcomes. Furthermore, moderation analyses were conducted to meet the objective of
evaluating sex-related effects on the associations between sleep disturbances and cognitive
performances.

The primary objective of Ch.10, investigating the effect of sleep-disordered breathing,
defined as an OSA diagnosis and/or self-reported loud snoring, on cognitive performance in the
PD population of the UK Biobank, was met by conducting multiple linear regression with 5
different cognitive tests as outcomes. Another objective we investigated was the effect of
subjective EDS on cognitive performance. This objective was met by conducted multiple linear
regression with the 5 cognitive tests as outcomes and was able to evaluate which cognitive
domains were associated with EDS in PD patients.

The primary objective of Ch.11 will be to investigate differences in WMI, measured as FA
and MD, in PD populations at high-risk and at low-risk of OSA as determined by STOP-BANG
guestionnaire. Multiple linear regression modelling will be used to conduct research on these

associations. In addition, investigating the associations between objective sleep measures and
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WMI measures will be conducted in a subset of PD patient with PSG data and MRI data and
multiple linear regression modelling will be used to obtain pilot data on these associations.
Finally, subjective sleep quality data collected via sleep-related questionnaires, will be
conducted to better understand how sleep is affected in PD patients

In conclusion, the findings described in this thesis provide evidence that sleep plays an
important role on the overall health of middle-age and elderly individuals, including those with
neurodegenerative conditions like PD. The findings demonstrate that sleep disturbances, such
as loud snoring, EDS and/or OSA, have health consequences beyond poor sleep quality and
short sleep duration. In the normal aging population, the findings emphasize the need to
routinely investigate and subsequently treat sleep disturbances, which may be key to slowing
down cognitive decline. In the PD population, the findings suggest more research is needed to
ascertain the relationship of OSA and subjective loud snoring with cognitive function, as well as

emphasize EDS as a notable symptom of PD.
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