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Abstract 
 
 

Cognitive dysfunction, particularly involving memory and executive function, is a core 

component of neurodegenerative conditions, such as Alzheimer’s disease and Parkinson’s 

disease. Two factors that are likely related to and may contribute to these cognitive deficits are 

sleep changes and enlarged perivascular spaces, which are an indicator of cerebral small vessel 

disease. In addition to being related to cognition, they may also be interconnected, further 

exacerbating their impact on cognition. This dissertation lays out our current knowledge on these 

topics and explores the association of these factors with cognition. 

In this dissertation, I investigated the relationship that perivascular space volumes and 

sleep (i.e., sleep duration or sleep quality) have with cognitive performance and cognitive status 

category in Alzheimer’s disease and Parkinson’s disease. Study 1 included individuals with 

Alzheimer’s-related mild cognitive impairment (MCI) or dementia. Among the individuals with 

Alzheimer’s disease, longer sleep durations were related to lower memory and executive 

function performance, and larger white matter perivascular space volumes exacerbated the 

relationship between longer sleep durations and memory after accounting for relevant covariates. 

Study 2 included individuals with Parkinson’s disease with intact cognition, MCI, or dementia. 

Analyses revealed an interaction in which individuals with Parkinson’s disease with smaller 

white matter perivascular space volumes and better sleep quality exhibited better executive 

function performance after accounting for relevant covariates. There was also a significant 

negative correlation between sleep quality and white matter perivascular spaces, and this 

correlation stayed relatively consistent when covariates were individually included in the model. 

Finally, analyses across cognitive status groupings revealed that individuals with Parkinson’s 

disease with MCI exhibited significantly larger white matter perivascular space volumes relative 
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to those with intact cognition, but no other group differences were observed. These results 

indicate that cognition has a complex relationship with perivascular spaces and/or sleep in 

Alzheimer’s disease and Parkinson’s disease and that some indicators of sleep and perivascular 

space volume may be related to cognitive abilities in these populations.  
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Chapter One: Introduction 
 

When cognition is impaired, which is the case in many neurodegenerative conditions, 

individuals may experience a reduced ability to function in daily life. Identifying modifiable risk 

factors that contribute to this cognitive decline may help elucidate mechanisms to slow or 

prevent changes to cognition. Two factors that may be related to cognition in neurodegenerative 

conditions are sleep and indicators of cerebral small vessel disease (e.g., enlarged perivascular 

spaces). These factors may not only have a relationship with cognition but may be 

interconnected, which could exacerbate their impact on cognition.  

In this Introduction, I review literature on sleep, cognition, and perivascular spaces. Then, 

I provide details for two studies I completed that examine relationships between these constructs 

in individuals with Alzheimer’s disease and Parkinson’s disease. 

Cognition in Neurodegenerative Disease 

 Cognitive decline is commonly observed in individuals with neurodegenerative diseases, 

such as Alzheimer’s disease. For example, individuals with Alzheimer’s disease typically exhibit 

a cognitive profile characterized by a decline in memory (particularly episodic memory) which 

presents as impaired delayed recall, fast rates of forgetting, and problems learning new 

information on neuropsychological tests (Hessen et al., 2016; Loewenstein et al., 2004; 

Weintraub et al., 2012). In addition to these deficits, individuals with Alzheimer’s disease also 

commonly have deficits in executive functioning and sometimes impairments in visuospatial 

abilities, attention, language skills, and general intelligence (Weintraub et al., 2012). During 

early stages of the disease, when cognitive impairments are typically less severe and do not 

impair daily function, a person is diagnosed with mild cognitive impairment. But, as these 
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deficits increase and independent living becomes compromised, the diagnosis of dementia is 

given. 

 Cognitive decline is also observed in some individuals with Parkinson’s disease. Studies 

on cognition in Parkinson’s disease suggest that the average time between Parkinson’s disease 

diagnosis and development of dementia is 10 years, with prevalence rates of dementia being 15-

20% after 5 years and 46% after 10 years (Williams-Gray et al., 2009; 2013). Executive function 

is the cognitive domain most commonly impaired in Parkinson’s disease, including the ability to 

integrate feedback, switch, plan, and organize. Impairments in this domain are often present at 

the time of Parkinson’s disease diagnosis (Muslimovic et al., 2005), worsen with disease 

progression (Pagonabarraga et al., 2012), and are predictive of conversion to dementia (Janvin et 

al., 2005; Levy et al., 2002). Other than impairments in executive function, declines in memory 

are also commonly observed, resulting in 30-40% of Parkinson’s patients with mild cognitive 

impairment being diagnosed with the amnestic phenotype (Kalbe et al., 2016; Monastero et al., 

2019). Other cognitive domains that can be impaired in Parkinson’s disease include visuospatial 

abilities, attention, and learning (Aarsland et al., 2010; Lezak et al., 2012; Schoenberg & Scott, 

2011).  

In the follow two sections, I outline factors that are observed in Alzheimer’s and 

Parkinson’s disease and may impair cognition in these populations. 

Cerebral Small Vessel Disease Marker and Cognition 

The umbrella term cerebral small vessel disease includes a number of conditions that 

affect the small arteries, arterioles, venules, and capillaries in the brain. Cerebral small vessel 

disease typically increases with age and is believed to result in reduced cerebral blood flow, 

impaired cerebral autoregulation, and increased blood–brain barrier permeability (Li et al., 
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2018). These changes can lead to reduced or interrupted cerebral perfusion resulting in ischemic 

conditions that cause neuronal apoptosis, axonal loss/injury, demyelination, and mild gliosis 

(Pantoni et al., 2010). Such changes can be visualized through neuroimaging tools and have been 

classically classified as infarcts, lacunes, white matter hyperintensities, microbleeds, and brain 

atrophy (Wardlaw et al., 2013).    

Enlarged Perivascular Spaces  

 One relatively novel imaging marker, enlarged perivascular spaces, may also serve as an 

indicator of small vessel disease (Brown et al., 2018; Wardlaw et al., 2013), although research in 

this area is still in its infancy. Perivascular spaces are small fluid-filled cavities that surround the 

brain’s veins and arteries and can become enlarged. Although it is unclear why these spaces 

become enlarged, research has associated other markers of cerebral small vessel disease, such as 

lacunes, microbleeds, and white matter hyperintensities, with perivascular space enlargement, 

suggesting that it may be an indicator of vasculopathology (Doubal et al., 2010; Francis et al., 

2019; Potter et al., 2015). For example, a study of 350 patients with previous stroke found a 

strong association between perivascular spaces and white matter hyperintensities. Additionally, a 

meta-analysis (n = 12,725) found an association between perivascular spaces and lacunes and 

microbleeds (Francis et al., 2019). Beyond their association with vascular factors, they have also 

been associated with markers of inflammation (Satizabal et al., 2013; Wuerfel et al., 2008), 

suggesting that they may be related to increased inflammation. A study by Wuerfel and 

colleagues (2008) found that patients with multiple sclerosis, a chronic inflammatory disease of 

the central nervous system, had larger perivascular spaces than healthy controls. Additionally, a 

study of older adults found a positive association between perivascular space count and levels of 

inflammatory marker, interleukin-6 (Satizabal et al., 2013). 
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 Additionally, and/or alternatively, enlarged perivascular spaces may be related to the 

clearance of neurotoxins, such as amyloid-beta (Tarasoff-Conway et al., 2015), a protein that 

accumulates in Alzheimer’s disease. Recent research, primarily in mice models, have found that 

enlarged perivascular spaces may be associated with reduced interstitial fluid drainage, resulting 

in reduced glymphatic system functioning (Brown et al., 2018; See Figure 1 for schematic of this 

process). This blockage likely results in reduced clearance of metabolites and promotes 

deposition of amyloid-beta (Xu et al., 2015). 

Examination of Perivascular Spaces 

As our knowledge on the etiology of perivascular space enlargement continues to grow, 

so does our understanding of the importance of region-specific changes. Some researchers who 

examine perivascular spaces distinguish basal ganglia and white matter perivascular spaces in 

their investigations, as previous studies have found that they have morphological differences that 

may reflect functional differences (see Wardlaw et al., 2020, for review). This notion has been 

supported by studies associating region-specific enlargement of perivascular spaces with 

different clinical features. Enlargement of basal ganglia perivascular spaces has been associated 

with hypertension, whereas enlargement of white matter perivascular spaces has been associated 

with cerebral amyloid angiopathy and greater amyloid deposit (Charidimou et al., 2014; van 

Veluw et al., 2015).  

Despite this research on perivascular spaces and advancements in neuroimaging, enlarged 

perivascular spaces remain difficult to visualize on typical MRI images as they are only small (< 

3-mm diameter) linear hyperintensities along the vasculature. That said, there has been some 

evolution in how they are quantified. For example, most research to date has used visual rating 

scales to examine the frequency of enlarged perivascular spaces on a scan (Adams et al., 2013; 
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Patanker et al., 2005). More recently, a more quantitative approach was developed by members 

of the Ontario Neurodegenerative Disease Research Initiative team. This new approach 

provides a measure of volume rather than count and has been validated against visual ranking 

systems in studies on aging, cardiovascular disease, and Alzheimer’s disease (Berezek et al., 

2015; Ramirez et al, 2015). Although more automated, the results of this approach still need to 

be reviewed by trained imaging experts to remove incorrect segmentations and to ensure 

perivascular spaces are correctly assigned, as they can be mislabeled as lacunes (Ramirez et al., 

2020).  

Perivascular Spaces and Cognition  

Although perivascular spaces are beginning to be examined more frequently, the clinical 

significance of this neuroanatomical feature is still emerging. Some studies have found that 

exhibiting a few enlarged perivascular spaces is normal and that the frequency of enlarged 

perivascular spaces increases with advancing age (Zhu et al., 2011), but greater frequencies of 

enlarged perivascular spaces are associated with increased risk of cognitive decline (Seperhrand 

et al., 2021) and dementia (Banerjee et al., 2017; Chen et al., 2011; Patankar et al., 2005; 

Ramirez et al., 2015; Zhu et al., 2010). These individual study findings have been supported by 

meta-analyses that report associations between enlarged perivascular spaces and cognitive 

impairment in individuals with mixed diseases (Jie et al., 2020) and Alzheimer’s disease 

(Smeijer et al., 2019). This said, inconclusive findings have been reported by other meta-

analyses including community-dwelling older adults (Hilal et al., 2018) and individuals with 

cardiovascular disease (Francis et al., 2019).  

Beyond looking at general cognitive impairment and dementia, more recent studies have 

investigated whether enlarged perivascular spaces are related to performance in specific 
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cognitive domains. These studies have found that enlarged perivascular spaces are related to 

executive function abilities (Passiak et al., 2019; Uiterwijk et al., 2016), memory (Javierne-Petit 

et al., 2020; Valdés Hernandez et al., 2019), visuospatial abilities (Javierne-Petit et al.,2020; 

Maclullich et al.,2004), and processing speed (Passiak et al., 2019; Valdés Hernandez et al., 

2019; Ding et al., 2017; Huijts et al., 2014), in older adults and in individuals with cardiovascular 

disease. 

 In addition to studies in these populations, there is also some preliminary evidence to 

suggest that the frequency of enlarged perivascular spaces is related to cognition in Alzheimer’s 

disease and Parkinson’s disease. A relationship between severity of cognitive dysfunction and 

frequency of enlarged basal ganglia perivascular spaces was observed in a study of 225 

participants with either subjective memory impairment, mild cognitive impairment, or 

Alzheimer’s dementia, after adjusting for relevant covariates (Jeong et al., 2015). Another study 

of 158 participants with either normal cognition, mild cognitive impairment, or Alzheimer’s 

dementia found a stepwise relationship between level of cognitive impairment and the frequency 

of enlarged perivascular spaces, and enlarged perivascular spaces discriminated healthy controls 

from patients with Alzheimer’s disease with 79% accuracy (Chen et al., 2011). Enlarged 

perivascular spaces have also been related to dementia risk. A 4-year follow-up study of 1778 

cognitively normal older adults found that a high frequency of white matter enlarged 

perivascular spaces was related to increased risk of incident dementia, after accounting for other 

markers of vasculopathology (Zhu et al., 2010). Similar findings have also been observed in 

Parkinson’s disease. Greater frequency of enlarged perivascular spaces have been observed in 

individuals with Parkinson’s disease with mild cognitive impairment or dementia compared to 

individuals without cognitive impairment (Shibata et al., 2019). Additionally, another study of 
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271 patients with Parkinson’s disease found that the degree of enlargement predicted progression 

from intact cognition to mild cognitive impairment and from mild cognitive impairment to 

dementia, after accounting for relevant covariates (Park et al., 2019). These findings suggest that 

perivascular space enlargement may be a particularly sensitive indicator of cognitive decline 

within neurodegenerative conditions, but additional research is necessary.  

Sleep and Cognition  

Beyond the biological factors that have already been discussed, there are many lifestyle 

factors, including sleep, that influence our well-being and health. Over the past 40 years there 

has been an increased focus on understanding sleep processes and the experience of sleep. This 

exploration would not have been possible without the quantification of sleep. Currently, sleep is 

examined using objective and self-report measures. Objective measures include actigraphy, 

which is a sensory system typically worn on the wrist to record movement to estimate sleep 

parameters, and polysomnography, a multiple-component sleep study that records a variety of 

body functions (such as eye movement and respiratory function), muscle activity, and electrical 

activity of the brain during sleep. These measures capture sleep metrics such as sleep efficiency, 

sleep duration, length of sleep stages [N2, N3, rapid eye movement (REM)], waking after sleep 

onset, and sleep onset latency. On the other hand, self-report sleep measures, such as the 

Pittsburgh Sleep Quality Inventory (PSQI: Buyesse et al., 1989), capture some metrics that 

overlap with objective measures (such as sleep duration, sleep efficiency, and sleep-onset 

latency), but also capture the experience of sleep including sleep quality, daytime drowsiness, 

and trouble with snoring and nocturnal temperature regulation. Quantifying sleep through these 

metrics has been pivotal in clarifying how sleep impacts important processes, such as cognition. 
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In younger adults, most of the research on the relationship between sleep and cognition 

has examined the impact of sleep deprivation on cognition (see Alhola & Polo-Kantola, 2007, 

for review). Forced shortened sleep is related to a 40% reduction in the ability to form new 

memories (Walker, 2009), as well as reduced attention, working memory, decision making, long-

term memory, and response inhibition (Alhola & Polo-Kantola, 2007, for review). Considering 

the relationship between sleep and cognition in younger adults, it is possible that the cognitive 

changes observed in older adults, such as slower processing speed and reduced attention, 

memory, and executive function abilities (Park et al., 1996; Salthouse, 2004), may be related or 

partially related to changes to sleep quality and quantity (Scullin & Bliwise, 2015; Yaffe et al., 

2014). 

With regard to sleep quality, older adults who exhibit longer sleep latency, increased 

wakenings after sleep onset, decreased sleep efficiency, and more frequent long-wake episodes 

and daytime naps in polysomnography studies are at a higher risk of exhibiting cognitive decline 

(Blackwell et al., 2006; 2014). Additionally, disruption of the sleep-wake rhythm in older adults 

has been correlated with reduced cognitive performance in the domains of speed, memory, and 

executive function (Oosterman et al., 2009).  

With regard to self-reported sleep quantity, both long and short sleep have been related to 

cognition. In a sample of older women, fewer than 5 hours of sleep per night was associated with 

reduced global cognition and poorer performance across a range of cognitive indicators (i.e., 

verbal memory, working memory, and verbal fluency; Tworoger et al., 2006). Another study 

found that short and long sleep durations in a sample of 5000 older adults were associated with 

reduced word list memory and verbal fluency (Kronholm et al., 2009). Similarly, two studies of 

over 3000 and 900 older adults, respectively, found that worse global cognitive functioning was 
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associated with long but not short sleep durations (Faubel et al., 2009; Ramos et al. 2013). These 

findings suggest a U-, possibly, J-shaped relationship between habitual sleep duration and 

cognitive function. This has been supported by a meta-analysis demonstrating that both long and 

short sleep durations negatively impact multiple domains of cognitive functioning in older 

adults, with odds risk ratios being slightly higher for long (odds risk ratio: 1.58) than short sleep 

(odds risk ratio: 1.40) durations (Lo et al., 2016). 

Sleep and Cognition in Alzheimer’s Disease 

Changes to sleep also occur in individuals with more advanced cognitive changes, such 

as those with Alzheimer’s-related mild cognitive impairment and dementia (Hita-Yañez et al., 

2012). Sleep disturbances occur in 14% to 59% of patients with mild cognitive impairment and 

are even more common in individuals with Alzheimer’s dementia (for review, see Beaulieu-

Bonneau & Hudon, 2009). These sleep disturbances include waking after sleep onset, longer 

sleep latency, decreased slow wave sleep, longer total sleep durations, and daytime sleepiness 

(McCurry et al., 1999; Moran et al., 2005; Peter-Derex et al., 2015). Considering that sleep 

disturbances and cognitive impairment increase in concert in these samples and that sleep 

disturbances (and their behavioural effects, such as daytime sleepiness) predict higher rates of 

dementia and cognitive decline at 3-year follow-up (Cricco et al., 2001; Foley et al., 2004), it is 

suggested that these factors are related. This is further supported by studies that have found that 

severity of one’s sleep disturbances increases with functional decline and cognitive impairments 

in Alzheimer’s disease (Moe et al., 1995). 

Sleep duration is one sleep metric that may have an important role in the sleep-cognition 

relationship, as numerous large-scale longitudinal studies have found that longer sleep durations 

(i.e., typically greater than 8 or 9 hrs of sleep) are a primary predictor of dementia incidence in 
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older adults (Benito-Leon 2009; Lu et al., 2018). For example, a study of 2853 older adults 

found that longer sleep durations were associated with increased dementia risk at 3- to 10-year 

follow-up (odds ratio = 3.98; Sindi et al., 2018). Additionally, a longitudinal study by Westwood 

and colleagues (2017) found that prolonged sleep duration (> 9 hours) was associated with an 

increased risk of developing all-cause dementia (hazard ratio = 2.01) and Alzheimer’s disease 

(hazard ratio = 2.20) at 10-year follow-up in a sample of 2457 older adults (mean age = 72 

years).  

These findings have been further supported by meta-analyses. In one meta-analysis, long 

sleep durations were associated with a 77% increased risk of all-cause dementia and a 63% 

increased risk of Alzheimer’s disease, but no association was found between short sleep duration 

and all-cause dementia or Alzheimer’s disease (see Fan et al., 2019, for meta-analysis). This 

finding aligns with another meta-analysis of 53,942 older adults (mean age 66.9 years), which 

reported that longer sleep durations increased risk of dementia by 42%, cognitive decline by 

42%, and cognitive impairment by 38% (Kim et al., 2016). Additionally, a meta-analysis by 

Bubu and colleagues (2017), found that the risk for Alzheimer’s and cognitive decline was 

higher in individuals with longer sleep durations (relative risk = 2.05) than it was for short sleep 

durations (relative risk = 1.63). 

Currently, it is unknown why prolonged sleep and dementia development are related, but 

it has been suggested that sleeping longer may be a compensatory strategy to spend more time in 

sleep stages (i.e., slow wave sleep) related to clearance of toxic proteins that are known to cause 

dementia (Ramirez et al., 2021; Van Cauter et al., 2000). Alternatively, this relationship may be 

due to chronic inflammation, as previous research has found that longer sleep durations are 

related to increased levels of interleukin-6 and c-reactive protein (Irwin et al., 2016; Patel et al., 
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Prather et al., 2015). Finally, it is possible that this association is due to underlying health issues 

or depression symptomatology (Diniz et al., 2013; Zhai et al., 2015). 

Sleep and Cognition in Parkinson’s Disease 

Like individuals with Alzheimer’s-related mild cognitive impairment and dementia, 

individuals with Parkinson’s disease also exhibit sleep difficulties. This includes disturbances 

and disorders, such as difficulty falling asleep, nocturia (nighttime awakening to urinate), early-

morning awakenings, sleep fragmentation, and REM sleep behaviour disorder (Comella, 2007; 

Neikrug et al., 2013). These changes to sleep are likely related to the cognitive decline observed 

in Parkinson’s disease (Amara et al., 2020; Bohnen & Hu, 2019).  

In contrast to the Alzheimer’s disease literature, research on sleep in Parkinson’s disease 

has focused on sleep quality rather than sleep duration. There is evidence that reduced sleep 

efficiency is associated with both mild cognitive impairment (Gunn, Naismith, Terpening, 2014) 

and dementia in Parkinson’s disease (Sobreira et al., 2019). Additionally, a study by Stavitsky 

and colleagues (2012) demonstrated that actigraphy-based measures of poor sleep quality were 

associated with reduced executive function performance in nondemented individuals with 

Parkinson’s disease.  

Sleep quality as assessed by self-report measures, such as the PSQI, have also been 

associated with cognition in Parkinson’s disease (Hogl et al., 2015). Sahebzadeh and colleagues 

(2016) found a significant association between scores on the PSQI and Montreal Cognitive 

Assessment (a screening measure for cognition) in individuals with Parkinson’s disease. This 

association between sleep and cognition was also observed when sleep quality was 

dichotomized. For example, when the PSQI was used to distinguish individuals with Parkinson’s 

disease who had good or poor sleep quality, associations were found between poor sleep and 
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greater cognitive impairment (Liu et al., 2018) and lower executive function performance 

(Aggrawal et al., 2021).  

Sleep and Perivascular Spaces 

 Thus far, I have reviewed how sleep and enlarged perivascular spaces are each associated 

with cognition. Interestingly, emerging research suggests that these two factors are themselves 

associated. Clinical investigations examining sleep and perivascular spaces in individuals with 

mixed cardiovascular disease have found that enlarged perivascular spaces are related to 

polysomnographic measures of poor sleep quality (including sleep efficiency, wakefulness after 

sleep onset, and non-REM sleep/N3 stage; Berezek et al., 2015). Since then, other studies in 

adults who are older or have cardiovascular disease have replicated these findings using 

actigraphy (Del Brutto et al., 2019) and self-reported sleep metrics, such as sleep duration 

(Aribasini et al. 2020; Ramirez et al., 2021), but vascular factors were sometimes considered to 

have an important role in those relationships (Aribasini et al. 2020; Del Brutto et al., 2019).  

There are a variety of possible rationales for why sleep and perivascular spaces are 

related.  One explanation is that processes that occur during sleep are positively related to 

perivascular-mediated clearance (i.e., glymphatic clearance) of neurotoxins (Xie et al., 2012). 

Therefore, disturbances to sleep may negatively impact these processes, resulting in reduced 

perivascular-mediated clearance of neurotoxins and enlarged perivascular spaces (Nedergaard & 

Goldman, 2020). Alternatively, sleep may influence vasculopathology or vice versa, resulting in 

an association between sleep and perivascular spaces. A small meta-analysis by Del Brutto and 

colleagues (2019) examined four cross-sectional studies examining the relationship between 

sleep measures and silent markers of small vessel disease, particularly white matter 

hyperintensities. These studies reported associations between factors of sleep, such as sleep 
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duration (specifically longer sleep) or sleep quality, and white matter hyperintensity severity 

(Alosco et al., 2013; Cheng et al., 2013; Kanda et al., 2003; Ramos et al., 2014). Two of these 

studies suggested that sleep problems may affect subcortical white matter through changes in 

cerebral blood perfusion (Alosco et al., 2013; Ramos et al., 2014), whereas the other two 

hypothesized that cerebral small vessel disease may disrupt sleep-related processes (Cheng et al., 

2013; Kanda et al., 2003).  

Although research has identified an association between sleep and enlarged perivascular 

spaces in healthy older adults and cardiovascular disease patients, and neurobiological 

mechanisms have been proposed to explain this association, there is little understanding of the 

association between these factors in other populations and whether these factors are related to 

cognitive impairment.  

Overview of the Present Studies 

Through the following two studies, I explore whether factors such as sleep disturbances 

and perivascular spaces are related to cognitive domain performance and cognitive status 

categorization in Alzheimer’s and Parkinson’s diseases. In the first Study, I examine whether 

sleep duration and perivascular space volumes are related to cognitive performance (i.e., memory 

and executive function) and cognitive status (i.e., mild cognitive impairment vs. dementia) in 

individuals with Alzheimer’s disease (n = 125; Chapter 2). Memory and executive functions 

were the cognitive domains examined in this study as they are most impacted in individuals with 

Alzheimer’s disease (Weintrub et al., 2012) and are known to be related to sleep and perivascular 

spaces in other populations (Oosterman et al., 2009; Passiak et al., 2019; Valdés Hernandez et 

al., 2019). Additionally, sleep duration was the sleep metric used, as longer sleep durations have 

been related to Alzheimer’s disease cerebral spinal fluid biomarkers (Xu et al., 2020), 
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presentation (Vitiello et al., 1990; Salzmann et al., 2020), and onset (Fan et al., 2019). This sleep 

marker has also been related to inflammation, a common biological change related to 

Alzheimer’s disease (Patel et al., 2009; Prather et al., 2015) and is believed to be an inefficient 

compensatory strategy for dealing with reductions in slow wave sleep (Ramirez et al., 2020) that 

occurs in Alzheimer’s disease (Moran et al., 2005). Analyses for this study not only examine 

whether longer sleep durations and enlarged perivascular space are related to cognition but also 

the relationship between these two factors and whether co-expression of these factors is related 

to lower cognitive performance. 

In the second Study, I examine whether sleep quality and perivascular space volumes were 

related to cognitive performance (i.e., memory and executive function abilities) and cognitive 

status (i.e., cognitively intact vs. mild cognitive impairment vs. dementia) in Parkinson’s disease 

(n = 140; Chapter 3). Memory and executive functions were the cognitive domains examined in 

this study as they are impacted in individuals with Parkinson’s disease (Aarsland et al., 2017) 

and are known to be related to sleep and perivascular spaces in other populations (Oosterman et 

al., 2009; Passiak et al., 2019; Valdés Hernandez et al., 2019). Sleep quality was the sleep metric 

used in this study, as it reflects the sleep disturbances observed in Parkinson’s disease (Hogl et 

al., 2010) and is related to cognitive changes that occur in this population (Lui et al., 2018; 

Pushpanathan et al., 2016; Sahebzadeh et al., 2016). Beyond examining the relationship that 

perivascular space volumes and sleep quality have with cognition, I also examine the 

relationship between these two factors and whether co-expression of these factors is related to 

lower cognitive performance. 

Following reports of the two individual studies, I then discuss the overall implications and 

future directions for this research in Chapter 4.  
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Figure 1: The Glymphatic System and Perivascular Spaces 

This figure exemplifies the process of perivascular mediated/glymphatic clearance  [denoted by 
the black arrows and labeled “Glymphatic interstitial fluid (ISF) bulk flow”]. In this process, 
neurotoxin waste (denoted by brown blobs) produced by neurons (purple cells), is cleared into 
the perivascular space (denoted as “perivenous space”) which surround the vein. 
 
From “Clearance systems in the brain—implications for Alzheimer disease” by Tarasoff-
Conway, J. M., Carare, R. O., Osorio, R. S., Glodzik, L., Butler, T., Fieremans, E., Axel, L., 
Rusinek, H., Nicholson, C., Zlokovic, B. V., Frangione, B., Blennow, K., Zetterberg, H., 
Wisniewski, T., and De Leon, M. J., 2015, Nature Review Neurology, 11, p. 457 
(doi:10.1038/nrneurol.2015.119). Copyright 2015 by Nature Publishing Group. Reprinted 
with permission. 
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Chapter Two: Perivascular Space Moderates the Relationship Between Sleep and Memory 
in Mild Cognitive Impairment and Dementia Due to Alzheimer’s Disease 

 
Sleep disturbances are reported by 45% of individuals with Alzheimer’s disease 

(McCurry et al., 2000) and can manifest as increased nighttime awakenings, daytime naps, and 

sleep durations, as well as decreases in slow wave and rapid eye movement (REM) sleep (Basta 

et al., 2019; Vitiello & Borson, 2001; Vitiello et al., 1990). Examination of sleep disturbances in 

persons with subjective cognitive decline, mild cognitive impairment, and dementia suggests that 

sleep disturbances may contribute to the cognitive decline observed in Alzheimer’s disease, as 

similar types of sleep disturbances are observed across groups, with prevalence rates and severity 

increasing with disease progression (Beaulieu-Bonneau & Hudon, 2009; Hita-Yañez et al., 2012; 

Vitiello et al., 1990). One metric of sleep that may be particularly important in understanding the 

relationship between sleep and cognition is sleep duration, as longer sleep durations are related 

to lower cognitive performance (Gildner et al., 2019) and predict incidence of all-cause and 

Alzheimer’s-related dementia (see Fan et al., 2019, for meta-analysis). 

One possible rationale for the relationship between longer sleep durations and cognitive 

decline in Alzheimer’s is increased levels of inflammation. Previous research has associated long 

sleep durations with greater levels of inflammatory markers, such as interleukin-6 and c-reactive 

proteins (Irwin et al., 2016; Patel et al., 2009; Prather et al., 2015), which are associated with 

Alzheimer’s pathology and cognitive decline (Darweesh et al., 2018). Alternatively, it has been 

proposed that poor clearance of neurotoxins during sleep may have a role in the relationship 

between sleep changes and cognitive decline. Seminal research by Xie and colleagues (2013) 

found that neuronal clearance mechanisms in mice were twice as efficient during sleep compared 

to wakefulness or while being anesthetized. This removal of neuronal waste, also known as 



 17 
 

glymphatic clearance, occurs through perivascular spaces, which are interstitial fluid-filled 

channels surrounding the brain’s smaller arteries and veins. These spaces are thought to become 

enlarged from blockage at the aquaporin-4 channel, resulting in fluid stagnation and greater 

deposition of neuronal waste (Iliff et al., 2012; 2013). One possible contributor to suboptimal 

perivascular-mediated clearance is sleep disturbances, which have been related to enlargement of 

perivascular spaces (Berezek et al., 2015; Ramirez et al., 2021) as well as increased 

accumulation of neuronal waste (Ju et al., 2017; Sanchez-Espinosa et al, 2014; Shokri-Kojori et 

al., 2018), which, in turn, is a known contributor to cognitive decline. 

Perivascular space enlargement has also been observed in individuals with Alzheimer’s- 

related mild cognitive impairment (Niazi et al., 2018; Sepehrband et al., 2020) and dementia (see 

Smeijer et al., 2019, for review) and may represent underlying pathology contributing to disease 

development. For example, enlarged perivascular spaces are related to features of cerebral small 

vessel disease, inflammation, and increased accumulation of neurotoxic solutes (Brown et al., 

2018; Francis et al., 2019; Sepehrband et al., 2020; Wuerfel et al., 2008). Enlarged perivascular 

spaces in the white matter seem to be particularly important in Alzheimer’s disease, as they are 

more frequently enlarged relative to basal ganglia perivascular spaces (Banerjee et al., 2017; 

Niazi et al., 2018) and are related to cerebral amyloid angiopathy (Charidimou et al., 2013; van 

Veluw et al., 2016), a pathology that is commonly observed in Alzheimer’s disease. 

Although these studies support the notion that functions occurring at perivascular spaces 

may be important for Alzheimer’s disease processes, associations between perivascular spaces 

and cognition have been inconsistent across the literature. Some studies report that perivascular 

space enlargement is related to dementia development (Zhu et al., 2010; Jie et al., 2020) and 

poorer cognitive performance (Chen et al., 2011; MacLullich et al., 2004; Passiak et al., 2019; 
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Valdes Hernandez et al., 2020), whereas other studies have not found these associations (Francis 

et al., 2019; Hilal et al., 2018).  

In the current study I examined the relationship between sleep, perivascular spaces, and 

cognition in Alzheimer’s-related mild cognitive impairment and dementia. I hypothesized that 

longer sleep durations and enlarged perivascular spaces would be related to lower memory and 

executive function performance. Considering the possible role of perivascular-mediated 

clearance in the sleep-cognition relationship, I also postulated that white matter perivascular 

space volumes would moderate the relationship between subjective sleep duration and 

memory/executive function performance.  Finally, to provide a more global, rather than domain-

specific perspective, I hypothesized that perivascular space volumes would be greater and sleep 

durations would be longer in dementia than in mild cognitive impairment. 

Methods 

Participants 

Participants were part of the Ontario Neurodegenerative Disease Research Initiative 

(ONDRI), an ongoing longitudinal, multisite, and multidisciplinary research study investigating 

five neurodegenerative conditions (Farhan et al., 2017; Sunderland et al., 2020).  As part of this 

initiative, all participants underwent comprehensive clinical and neuropsychological testing and 

brain neuroimaging. Data for the present study were obtained from the Alzheimer’s-related 

dementia and mild cognitive impairment (AD/MCI) cohort and went through rigorous data 

quality evaluation (Sunderland et al., 2019).  

All participants provided informed consent and met extensive eligibility criteria for the 

larger ONDRI study (Farhan et al., 2017; Sunderland et al., 2020) and the AD/MCI cohort. 

Inclusion criteria were: (a) 50-89 years of age; (b) meeting the National Institute on Aging-
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Alzheimer’s Association (McKhann et al., 2011) core clinical criteria for probable Alzheimer’s 

disease dementia or amnestic single- or multiple-domain mild cognitive impairment1; (c) 

proficiency in English as indicated by a self-rated score ≥ 7 out of 10 for both speaking and 

understanding English on the Language Experience and Proficiency Questionnaire (Marian et al., 

2007); (d) 8 or more years of formal education; (e) a Montreal Cognitive Assessment score ≥ 17, 

or ≥ 14 if they received the diagnosis of atypical AD; (f) sufficient vision and hearing to 

complete testing; and (g) completion of at least 75% of the neuropsychological battery.  

Exclusion criteria included: (a) non-Alzheimer’s disease causes of dementia (as identified from 

brain imaging or blood work); (b) substance abuse within the past year; (c) unstable cardiac, 

pulmonary, renal, hepatic, endocrine, hematologic, or active malignancy or infectious disease; 

(d) AIDS or AIDS-related complex; (e) unstable psychiatric illness (e.g., psychosis or major 

depression) within 90 days of screening; (f) enrollment in a therapeutic trial; and (g) any other 

current underlying disease that may interfere with the ability to participate in cognitive testing. 

All study procedures were approved by the Research Ethics Boards at Baycrest Health Sciences 

and York University. 

Eighty-five participants met criteria for mild cognitive impairment and 41 met criteria for 

Alzheimer’s dementia. Most participants in the sample were in their 60s and 70s and had some 

university education on average; approximately half were women. Demographic information is 

reported in Table 1.  

 
 
  

 
1 These criteria ensure that an individual does not have substantial concomitant cerebrovascular disease, defined by a 
history of a stroke temporally related to the onset or worsening of cognitive impairment; or the presence of multiple 
or extensive infarcts or severe white matter hyperintensity burden 
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Assessment Measures 

Sleep Duration. A measure of sleep duration was obtained from a single question on the 

Pittsburgh Sleep Quality Inventory (Buysse et al., 1989), which is a self-report measure of sleep 

characteristics in the previous 30 days.  

Neuroimaging. ONDRI study participants were recruited from multiple sites within 

Ontario, with neuroimaging data acquired from each site’s 3T MRI scanner, which included a 

General Electric (GE, Milwaukee, WI) Discovery 750, a GE Signa HDxt, a Siemens Health Care 

(Siemens, Erlangen, Germany) Prisma, a Siemens TrioTim, and a Siemens Skyra. The full MRI 

acquisition protocol can be found in Appendix 1. 

All images were processed using Semi-Automatic Brain Region Extraction (Gibson et al., 

2010), a pipeline parcellation technique. This process requires a trained technician to identify 13 

landmarks on each hemisphere to create individualized brain maps. Coordinates of the Talairach 

grid system (Talairach & Tournoux, 1988) are then overlayed onto each participant’s brain map. 

This process accounts for natural individual differences in anatomy and significant focal or 

global brain atrophy that can occur in neurodegenerative disease. Enlarged perivascular spaces 

were then identified using the Lesion Explorer pipeline (Ramirez et al., 2014) based on the 

standards for reporting vascular changes on neuroimaging criteria (Wardlaw et al., 2013). In this 

pipeline, perivascular spaces were defined as small (< 3 mm), linear hyperintensities following 

the course of vasculature that appear as CSF intensities on T2, T1, and FLAIR sequences (i.e., 

hyperintense on FLAIR sequences; hypointense on T1 and T2 sequences). After identification, 

all regions-of-interest were reviewed by a trained technician. Only highly trained neuroimaging 

analysts achieving intraclass correlation coefficients and similarity indices > 0.90 are allowed to 

perform this procedure. Additionally, a neuroradiologist was consulted if complex radiological 



 21 
 

anomalies were present. This methodology has been validated against the Patankar VRS 

(Patankar et al., 2005) and Wardlaw Enlarged Perivascular Spaces 

(http://www.bric.ed.ac.uk/documents/epvs-rating-scale-user-guide.pdf) visual rating scales 

(Ramirez et al., 2011; 2014; Ramirez, Berezuk et al., 2015).  

Once perivascular spaces were identified, perivascular space volumetrics in the basal 

ganglia and white matter were extracted. For this investigation, basal ganglia spaces were 

defined as the region encompassing the caudate, lentiform nucleus, and thalamus, whereas white 

matter spaces included regions located within the remaining supratentorial cerebral white matter. 

Individual differences in head size and the highly skewed distribution of white matter 

hyperintensities and perivascular space volumes (Decarli et al., 2005; Ramirez, McNeely et al., 

2015) were adjusted for with a natural log transform and supratentorial total intracranial 

volumes. Additional information on neuroimaging procedures used in the present study is 

reported by Ramirez and colleagues (2020). 

Neuropsychological Performance. All participants completed a comprehensive 

neuropsychological test battery that was administered and scored using rigorous quality 

assurance and quality control methods (McLaughlin, 2020). Twelve variables from six tests were 

sorted into memory and executive function conceptual domains (see Table 2) based on work by 

Litvan and colleagues (2012) and consistent with other ONDRI projects (Zaidi et al., 2020).  

Assessment of Covariates. Demographic, clinical, and additional neuroimaging data 

were collected as part of the ONDRI protocol (Farhan et al., 2017; McLaughlin et al., 2020) and 

included age, level of education, history of smoking, systolic blood pressure when seated, waist-

to-hip ratio, total-cholesterol-to-high-density-lipoprotein ratio, white matter hyperintensities 

(corrected for total intracranial volume and log transformed), hemoglobin A1C, fasting glucose 
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levels, and ventricular cerebral spinal fluid volume. Depression symptomatology was examined 

with the Quick Inventory of Depressive Symptomatology – Self Report (Rush et al., 2003). 

Fasting serum glucose was obtained, and diabetes was considered to be present if fasting glucose 

was > 7 mmol/L or % hemoglobin A1C was > 6.5. Use of sleep medication within the past 

month was obtained from Item 6 of the Pittsburgh Sleep Quality Inventory. 

Statistical Analyses 

Missing data due to participant cognitive or behavioural impairment preventing task 

completion (7/1512 data points) were replaced with the value representing the lowest possible 

score. Mean replacement was used for all other missing data (23/1512 data points). Prorated 

scores were used on the Quick Inventory of Depressive Symptomatology – Self Report, as the 

suicidality item was not administered. 

Composite scores were calculated using the tests listed in Table 2. Each raw score was 

transformed to a z-score using the sample mean and standard deviation. On timed measures, 

scores were inverted so that higher z-scores reflected better performance (i.e., faster completion 

times). Z-scores were then averaged within each domain. All z-score test variables within a 

particular domain were significantly correlated with all other test scores in that domain, 

generally with medium to large effect sizes: executive function, rs = .29-.58, and memory, rs = 

.50-.90.  

Each variable was examined for normality and outliers. Because tests of normality are 

sensitive to large sample sizes (Field et al., 2012), normality was examined through visual 

inspection of histograms, normal QQ plots, box plots, and measures of kurtosis and skewness 

(Cramer, 1998; Cramer & Howitt, 2004). Data points were considered outliers if they were more 

than 1.5 times the interquartile range beyond the first or third quartile (Tukey, 1977). Specific 
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cases were evaluated for exclusion if it was an outlier, had a leverage value 3 times the average 

leverage value (Stevens, 2002), and had a Cook′s distance (effect of a single case on a model) 

value > 0.7 (Cook and Weisberg, 1982; Field et al., 2012). Regression models were examined for 

linearity, homoscedasticity, high leverage, and influential points. Variables were examined for 

homogeneity of variances through Levene’s tests prior to use in analyses of variance and 

covariance (ANOVA/ANCOVA).  

Perivascular space volumes and sleep duration were fit with a linear model using 

memory and executive function as response variables. Main effects of sleep duration and white 

matter perivascular space volumes on memory and executive function, as well as analyses 

examining whether perivascular spaces moderated the relationship between sleep duration and 

cognitive performance were examined using hierarchical multiple linear regression modeling. 

Considering the influence of age and education on cognition (Lezak et al., 2012), these variables 

were included in the first block. This was followed by a block with sleep duration and 

perivascular space volume to examine main effects, and a separate block to examine the 

interaction between these terms. Covariates known to have a relationship with sleep, cognition, 

and/or vascular functioning (Berezuk et al., 2015; Del Brutto et al., 2019; Ding et al., 2017; Hilal 

et al., 2018; Hurford et al., 2014; Potter et al., 2015; Ramirez, 2021) that had a small, or greater, 

effect (i.e. r > .1 or d > .3, Cohen et al., 1988) on the outcome variables were included in the 

first block in the sensitivity analyses to ensure the reliability of results. 

T-tests were used to examine differences in perivascular space volumes and sleep 

duration across diagnostic groups. Due to small sample size and generalizability, participants 

with atypical presentation of Alzheimer’s disease (n = 5) were not included in this analysis.  
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Additional analyses examining the role of basal ganglia perivascular space volumes on 

cognition and its possible moderating affects are outlined in the supplementary material. All 

statistical analyses were conducted in SPSS Version 27.0.  

Results 

One participant’s perivascular space volumes (raw basal ganglia perivascular space 

volume = 211 mm3, z-score = 6.6; raw white matter perivascular space volume = 571 mm3, z-

score = 8.0) were identified as outliers and removed from the analysis.  

There was a large, significant correlation between memory and executive function 

composite scores, r(124) = .55, p < .001. The correlation between white matter perivascular 

spaces volume and sleep duration was negligible in size and not statistically significant, r(124) = 

.05, p = .55. 

Demographic variables, descriptive statistics, and volumetric data are reported in Table 1. 

All data were collected within an average of 26 days (SD: 25, range 1 to 197). Approximately 

half the sample had a history of smoking, and considering the mean age, sex and diagnostic 

history of participants, they exhibited Montreal Cognitive Assessment scores in the normal 

range, average waist-to-hip ratio and cholesterol-to-high density lipoprotein levels, low 

endorsement of depression symptoms, prediabetic levels of hemoglobin A1C, and normal levels 

of white matter hyperintensities. Correlation analyses examining the relationship between 

covariates and outcome cognitive domains are reported in Table 3.  
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Memory 

Sleep duration and white matter perivascular space volumes together accounted for 4% of 

memory performance variability after controlling for age and education, ΔF(2, 120) = 3.27, p = 

.04, SE = .77, which accounted for 18% of memory variability. Sleep duration, standardized β = 

-.19, p = .02, but not white matter perivascular space volumes, standardized β = .07, p =.37, 

made a significant contribution to the model.  

As shown in Figure 2, moderation (or interaction) analysis revealed a small moderation 

effect of white matter perivascular space volumes on the relationship between sleep duration and 

memory, Δr2 = .04, ΔF(1, 119) = 5.70, p  = .02, SE = .76, after controlling for covariates and 

main effects. This suggests that individuals with both longer sleep durations and enlarged white 

matter perivascular spaces exhibited lower memory performance than the rest of the sample. 

Secondary analyses with covariates exhibited similar findings (see Table 4). 

Executive Function 

Sleep duration and white matter perivascular space volumes accounted for 6% of 

executive function performance variability after controlling for age and education, ΔF(2, 120) = 

4.5, p = .013, SE = .65, which accounted for 15% of executive function variability. Sleep 

duration, standardized β = -.25, p = .003, but not white matter perivascular space volumes, 

standardized β = .001, p =.99, made a significant contribution to the model.  

In contrast to the moderation analysis with memory variables, white matter perivascular 

space volumes did not moderate the relationship between sleep duration and executive function, 

Δr2 = .002, ΔF(1, 119) = 0.24, p  = .63, SE = .65.  
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Cognitive Status Group Differences 

Sleep duration was significantly longer in individuals with dementia (raw M = 7.85 hrs, 

SD = 1.7) than in individuals with MCI (7.26 hrs, SD = 1.35), but the effect was small, t(118) = 

2.01, p = .05, d  = 0.40. When covariates that had a significant relationship with sleep duration 

were included (i.e., systolic blood pressure, head-corrected white matter hyperintensities, 

depression symptomatology, sleep medication), results were similar, F(1, 118) = 4.43, p = .014, 

ηp2 = .07 (medium effect).  White matter perivascular space volumes did not differ between the 

dementia (raw M = 43.7 mm3, SD = 60.3) and MCI groups (raw M = 33.8 mm3, SD = 39.7), 

t(118) = 0.386, p = .70, d  = 0.08.  

Supplementary Basal Ganglia Analysis 

Basal ganglia perivascular space volumes generally showed smaller associations with 

cognition and sleep, with no significant diagnostic or moderation effects (see Appendix 2). 

Discussion  

 The present findings suggest that sleep duration is related to memory and executive 

function performance in individuals with mild cognitive impairment and dementia due to 

Alzheimer’s disease. Individuals who report longer sleep durations may be particularly 

vulnerable to reduced memory abilities when they also exhibit enlarged perivascular spaces in 

white matter. Interpreted another way, these findings suggest that naturally occurring shorter 

sleep durations and smaller white matter perivascular spaces may be protective against 

reductions in memory performance. Group differences were also detected between MCI and 

dementia for sleep duration but not white matter perivascular space volumes. These findings 

highlight the prominent relationship between sleep duration and cognition and expand our 

understanding of this relationship by showing that longer sleep durations are associated with a 
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greater reduction in memory performance among individuals with enlarged white matter 

perivascular space. This suggests that sleep and perivascular space metrics may be clinically 

relevant when interpreted together.  

 This investigation of sleep, perivascular spaces, and cognition provides a novel 

contribution to the literature because of its rigorous methodologies. For example, all clinical and 

neuropsychological data went through thorough quality assurance measures to ensure data 

integrity (Sunderland et al., 2020; McLaughlin et al., 2020), and cognitive composites were 

defined in a theory-driven manner to reduce intraindividual variability (Jonaites et al., 2019). 

Additionally, perivascular space volumes were extracted from 3T imaging, through a 

computational process, and were corrected for head size, providing a more controlled assessment 

of neuroanatomical changes relative to previously used visual examination scales (Patankar 

Visual Rating Scale, Patankar et al., 2005; Wardlaw Enlarged Perivascular Space scale).  

 The relationship between longer sleep duration and risk of cognitive decline and 

dementia development has been repeatedly reported in the literature (see Fan et al., 2019, for 

meta-analysis). Although the mechanisms underlying this relationship are not well understood, it 

is possible that individuals sleep longer in order to spend more time in slow wave sleep stages -- 

the sleep stages most implicated in the clearance of neurotoxins such as amyloid-beta (see 

Cordone et al., 2019, for review; Ju et al., 2017). This interpretation is supported by other sleep 

research that has found that disruption to slow wave sleep mechanisms moderate the relationship 

between greater amyloid-beta accumulation and reduced memory performance in mild cognitive 

impairment (Sanchez-Espinosa et al., 2014). Our study extends these findings to perivascular 

space volumes, and shows that enlarged white matter perivascular spaces moderate the 

association between longer sleep durations and poorer memory performance. Interpreting these 
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findings in the context of recent research associating perivascular space count and neurotoxin 

accumulation (Wang et al., 2021) suggests that perivascular space enlargement in the context of 

longer sleep duration may be an indicator of poor amyloid clearance that has downstream effects 

on cognition.  

It may also be possible that white matter perivascular space volumes moderated the 

relationship between sleep duration and memory abilities because of underlying associations 

with inflammation. Markers of inflammation have been associated with longer sleep durations 

(Irwin et al., 2016; Prather et al., 2015), enlarged perivascular spaces (Satizabal et al., 2013; 

Wuerfel et al., 2008) and Alzheimer’s disease pathology (Akiyama et al., 2000). Therefore, the 

pairing of longer sleep durations and enlarged perivascular spaces may be associated with greater 

levels of inflammation, thereby resulting in greater accumulation of Alzheimer’s disease 

pathology and subsequent memory deterioration. Additional studies examining biological factors 

underlying these associations are necessary to determine the distinct origins of these associative 

findings. 

It is also important to note that this interaction was significant when memory, but not 

executive functions, was the cognitive outcome variable. This null executive function finding 

may reflect the amount of cognitive impairment required to yield significant effects. Previous 

studies have failed to find associations between perivascular spaces and cognition in community-

dwelling adult samples who exhibit minimal cognitive impairment (Hilal et al., 2018) but have 

found associations in clinical samples (Zhu et al., 2010; Jie et al., 2020). These findings suggest 

that the relationship between perivascular spaces and cognition may only emerge once cognitive 

abilities fall below some critical threshold. Consistent with the typical cognitive phenotype for 

Alzheimer’s disease, this sample was characterized by more prominent deficits in memory (i.e., 
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average performance was 1 to 2 SD below normative data on most tests), than executive 

functions (i.e., average performance was -0.5 to +0.5 SD from normative data on most tests). 

Although statistically significant, it is important to recognize that the moderation reported 

in the present study was small in magnitude with a substantial amount of unexplained variance in 

the data. This variation may be due to interindividual differences in neuronal reserve capacity 

and one’s ability to function when significant pathology (i.e. amyloid-beta or even 

vasculopathology) is present. This idea is supported by studies that have found small or 

nonsignificant associations between amyloid-beta build up and poor cognitive performance, with 

some individuals exhibiting significant amyloid accumulation but no cognitive changes (Furst et 

al., 2012; see Hedden et al., 2013, for meta-analysis).  

Although white matter perivascular space volumes moderated the relationship between 

sleep and memory, it did not have a direct association with memory or executive function 

performance. These findings align with studies in young and old adults and mixed vascular 

disease samples, which have failed to find an association between enlarged perivascular spaces 

and cognition (Francis et al., 2019; Hilal et al., 2018; Hurford et al., 2013). This suggests that 

perivascular space enlargement may not have distinct clinical implications in Alzheimer’s 

disease, especially when examining performance within specific cognitive domains. 

Alternatively, perivascular space volumes may not be directly related to cognition because 

clearance of amyloid through perivascular spaces accounts for only a portion of all amyloid 

clearance (Tarasoff-Conway et al., 2015). 

White matter perivascular space volumes did not significantly differentiate groups 

differing in cognitive status (i.e., MCI vs. dementia). Although these findings contrast with 

studies that compare individuals with Alzheimer’s dementia and controls (Smeijer et al., 2019), 
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it does align with one study that examined white matter perivascular spaces across the spectrum 

of Alzheimer’s-related MCI and dementia (Jeong et al., 2015). Therefore, the white matter 

perivascular changes observed in studies comparing Alzheimer’s dementia to control participants 

may reflect changes that occur in early disease processes, which were not captured in the present 

sample. 

The present investigation did not find an association between self-reported sleep duration 

and perivascular space volumes. This finding contrasts with other studies conducted in 

cardiovascular populations, which have found associations between greater perivascular space 

volumes and longer self-reported sleep durations (Ramirez et al., 2021) and polysomnography-

measured sleep disturbances (Berezuk et al., 2015). There are at least two possible explanations 

for these findings. Our results may reflect a fundamental limitation of self-report measures and 

inaccurate recall of sleep duration in a population with memory impairments. Alternatively, it 

may be that these variables are simply not related to each other in Alzheimer’s disease 

populations, because sleep changes and perivascular space enlargement are mediated by a third 

underlying mechanism that is more prominent in cardiovascular populations than in Alzheimer’s 

disease. Therefore, in Alzheimer’s disease, processes resulting in sleep changes and perivascular 

space enlargement may be distinct. 

Limitations 

Although the self-reported sleep measure used in this study captures an individual’s 

habits over a longer period of time than one-night assessment of polysomnography, this 

methodology can be an imprecise measure of sleep behaviour as reports are influenced by 

participants’ perceptions and memory (Silaa et al., 2007). Another limitation is the use of a 

cross-sectional design, which precludes a determination of temporal order or causation. For 



 31 
 

example, it may be that longer sleep durations and enlargement of perivascular spaces precede 

cognitive decline, or cognitive decline may result in sleep and neuroanatomical changes over 

time. These questions would be interesting to address in longitudinal research.  

Conclusion 

Identifying factors that confer risk or contribute to cognitive deterioration in Alzheimer’s 

populations is important for informing interventions that may prevent or slow disease 

progression. This study builds on existing literature suggesting a role of sleep in 

neurodegenerative-related memory impairment and attempts to extend our understanding of the 

role of perivascular spaces in this relationship. The findings revealed a negative relationship 

between sleep duration and cognitive performance and a stronger relationship between sleep 

duration and episodic memory performance in individuals with enlarged white matter 

perivascular space volumes. Additional research may help discern the causal relationship 

between sleep disturbances and perivascular space changes. 
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Table 1  

Demographic Characteristics of the Alzheimer’s Related Dementia and Mild Cognitive 
Impairment Sample (N = 125) 

 
Demographics Ratio Mean SD Range 
Age (in years)  71.0 8.2 53 – 87 
Education (in years)  15.2 3.1 8 – 21 
Sex (Male:Female) 69:56    
Handedness (Right:Left) 119:6    
Montreal Cognitive Assessment score  22.7 3.0 15 – 30 
Sleep history     
 Presence of sleep difficulties (Yes:No)* 34:40    
    If yes, duration of sleep difficulties (years)a  18.2 16.6 1 - 65 
 Presence of sleep apnea (Yes:No) 25:100    
Smoking history (Yes:No) 67:58    
Systolic blood pressure – seated (mmHg)  128.9 19.3 82 – 188 
Diastolic blood pressure – seated (mmHg)  77.3 11.5 37 – 103 
Waist-hip ratio  0.9 0.1 0.7 – 1.1 
Cholesterol (mmol/L)  4.8 1.2 2.4 – 7.8 
High density lipoprotein (mmol/L)  1.5 0.5 0.7 – 2.8 
Low density lipoprotein (mmol/L)  2.8 1.0 0.5 – 5.3 
 Cholesterol-to-high density lipoprotein ratio  3.4 1.0 1.7 – 6.1 
Fasting serum glucose (mmol/L)  6.0 1.6 4 – 13.5 
Hemoglobin A1C (%)  5.9 1.0 4.4 – 9.9 
Self-reported questionnaires     
Quick Inventory of Depressive Symptomatology   4.2 3.0 0 – 13.5 
Pittsburgh Sleep Quality Inventory - total score  5.0 3.6 0 – 18 
 Sleep duration (hrs)  7.5 1.5 3 – 10.5 
 Use of sleep medication (Yes:No) 30:95    
Alcohol-use past month (Yes:No) 96:29    
Neuroimaging     
Total PVS volume (mm3)  59.0 58.7 0 – 316 
White matter PVS volume (mm3)  37.2 46.2 0 – 284 
Basal ganglia PVS volume (mm3)  21.6 23.0 0 – 144 
Deep WMH volume (mm3)  578.7 854.6 0 – 4 985 
Periventricular WMH volume (mm3)  4175.4 5476.5 20 – 45 183 
Lacune volume (mm3)  103.9 237.7 0 – 1716 
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White matter volumes (cm3)  396.4 63.5 260.5 – 556.7 
Grey matter volumes (cm3)  533.6 51.4 416.4 – 646.1 
Sulcal CSF (mL)  255.8 62.1 107.3 – 428.5 
Ventricular CSF (mL)  45.8 28.5 8.2 – 206.4 
Total intracranial capacity (cm3)  1235.6 144.6 912.6 – 1604.1 
PVS: perivascular space, WMH: white matter hyperintensities, CSF: cerebrospinal fluid volume. 
Note. Raw PVS and WMH volumes are reported for transparency; statistical analyses were 
performed on head-size adjusted, normalized values.  
*n = 74 
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Table 2 

Test Scores Included in the Neuropsychological Domain Composite Scores 

 
Executive Function   
  Trail Making Test - Part B (time score)   
  D-KEFS: Colour-Word Interference: Interference trial (time score)   
  D-KEFS: Colour-Word Interference: Inhibition/switching trial (time score)   
  D-KEFS: Verbal Fluency: Letter fluency (FAS or BHR; total correct responses)   

  
D-KEFS: Verbal Fluency: Category fluency (animals/clothing and boys/girls names; 
total correct responses)   

  WASI-II: Matrix Reasoning (total score)   
Memory   
  RAVLT: Immediate recall trials 1-5 (total score)   
  RAVLT: Long-delayed recall trial (total score)   
  RAVLT: Recognition hits (total score)   
  BVMT-R: Immediate recall trials (total score)   
  BVMT-R: Delayed recall trial (total score)   
  BVMT-R: Recognition discrimination index score   
Trail Making Test (Reitan & Wolfson, 1985), Delis-Kaplan Executive Functioning 
System (D-KEFS; Delis, Kaplan, & Kramer, 2001), Wechsler Abbreviated Scale of 
Intelligence, 2nd edition (WASI-II; Wechsler, 2011), Rey Auditory Verbal Learning 
Test (RAVLT; Schmidt, 1996), Brief Visuospatial Memory Test – Revised (BVMT-R; 
Benedict, 1997) 
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Table 3 

Relationship Between Covariates and Outcome Variables in Alzheimer’s-Related Dementia and 
Mild Cognitive Impairment (N = 125) 

 

Variables Memory Executive 
Functions WM-PVS BG-PVS 

Sleep 
duration 

(hrs) 
Continuous variables r r r r r  
 Age (years) - .41* - .26* .08 .19* .09 
 Education (years) .12 .28* -.05 .006 -.06 
 Waist-hip ratio .01 - .001 -.22 .01 -.07 
 Systolic blood pressure – seated - .20* - .18* .02 .17 .15 
 Cholesterol-to-HDL ratio  - .06 .11 -.13 -.04 .08 
 TIV-corrected WMH -.29* - .28* .10 .21* .21* 
 Ventricle CSF volume (mL) .24* .18* .18* -.10 .10 

 Quick Inventory of Depressive 
Symptomatology .14 .05 -.05 -.15 -.25* 

Dichotomous variable d d d d d 

 Sex -.02 .12 -.16 -.53* .04 
 Sleep medication  -.20 -.10 -.03 -.17 .37 
 Smoking history  -.28 -.35* .13 -.01 .04 
 Diabetes -.001 -.07 .33 -.04 .018 

Note. Dark grey shading indicates medium (or larger) effect sizes, whereas light grey shading 
indicates small effect sizes. Asterisks indicate statistically significant correlations. 
WM-PVS = White matter perivascular spaces; BG-PVS = Basal ganglia perivascular spaces; 
WMH = white matter hyperintensities, HDL = high-density-lipoprotein, TIV = total intracranial 
volume, CSF = cerebral spinal fluid 
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Table 4 

Sensitivity Analyses: Examining the Relationship Between Sleep Duration and White Matter 
Perivascular Space Volume on Memory in Alzheimer’s Related Dementia and Mild Cognitive 
Impairment 

 
 
 
 
 
 
 
 
 
 
 
  

     Model Summary 
Model  Covariates Std. β p r F SE p 

A SD age + edu  -0.19 .02 .04 3.27 0.78 .04 
 WM-PVS 0.07 .37 
 SD*WM-PVS 2.02 .02 .04 5.70 0.76 .02 

B SD age + edu + sys BP  -0.19 .02 .04 3.15 0.78 .04 
 WM-PVS 0.07 .35 
 SD*WM-PVS 2.00 .02 .04 5.50 0.76 .02 

C SD age + edu + WMH 
+ vCSF 

-0.18 .03 .03 2.64 0.78 .08 
 WM-PVS 0.07 .45 
 SD*WM-PVS 1.94 .03 .03 4.63 0.76 .03 

D SD age + edu + 
depression 

-0.19 .03 .04 3.30 0.77 .04 
 WM-PVS 0.11 .20 
 SD*WM-PVS 2.05 .02 .04 5.83 0.76 .02 

E SD All  -0.17 .05 .03 2.57 0.78 .08 
 WM-PVS 0.10 .26 
 SD*WM-PVS 1.98 .03 .03 4.71 0.77 .03 

Note.  
Covariates that had a small (or greater) effect on the outcome variables were included in these 
analyses (see Table 1) 
SD = sleep duration, WM-PVS = white matter perivascular space volume, edu = education, sys 
BP = systolic blood pressure, vCSF = ventricular cerebral spinal fluid, WMH = total intercranial 
volume corrected white matter hyperintensities 
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Figure 2: Interaction of Sleep Duration and White Matter Perivascular Space on Memory 
Performance 

 
Linear regression modelling indicated an interaction between sleep duration, denoted by sleep 
duration (SD), and logarithmic-transformed total-intracranial-volume corrected white matter 
perivascular space volume. Sleep duration and white matter perivascular space values were 
median split into high and low categories for data visualization purposes. Z-scores reflect group-
normed memory performance such that performance is relative to other participants in the 
sample. (ns left to right = 34, 28, 33, 30) 
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Chapter Three: Sleep Quality, Perivascular Space Volume, and Cognition in Parkinson’s 
Disease 

 

Some individuals with Parkinson’s disease (PD) exhibit declines in their cognitive 

abilities (Aarsland et al., 2009; Ding et al., 2015; Watson & Leverenz, 2010). Cognitive domains 

commonly impaired in PD include executive functions and memory (Caviness et al., 2007; 

Muslimovic et al., 2005). As such, prevalence rates of MCI and dementia are quite high among 

people with PD (15-20% and 24-31%; Aarsland et al., 2005; Dalrymple-Alford et al., 2011, 

respectively) relative to the general older adult population (MCI: ~5%, Ritchie et al., 2004; 

dementia: 5-7%, Prince et al., 2013).  

In addition to cognitive decline, individuals with PD often exhibit sleep disorders such as 

sleep apnea and rapid eye movement (REM) sleep behaviour disorder (Comella, 2007), as well 

as structural and subjective sleep changes such as nocturnal awakenings, sleep fragmentation, 

reduced sleep efficiency, and subjective daytime sleepiness (Factor et al., 1990; Peeraully et al., 

2012). These sleep disorders and disturbances have been related to cognitive impairment in PD 

(Maggi et al., 2021). For example, a self-report measure of sleep quality has been shown to 

distinguish individuals with PD with normal cognition, MCI, and dementia, such that sleep 

quality is reduced in individuals with greater cognitive impairment (Liu et al., 2018). 

Additionally, actigraphy-based measures of sleep quality (i.e., sleep efficiency and onset latency) 

have been related to reduced performance on tasks of executive function (Stavinsky et al., 2012) 

and memory (Gunn et al., 2014) in PD. These findings have been further substantiated by a 

recent meta-analysis which found that individuals with PD with sleep problems (i.e., subjective 

changes, structural sleep changes, sleep disorders, etc.) exhibited reduced performance on 
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neuropsychological measures of memory and executive functions relative to those without sleep 

problems (Pushpanathan et al., 2016).  

Recent evidence suggests that cerebral small vessel disease may also contribute to 

cognitive impairment in individuals with PD. Imaging markers of cerebral small vessel disease, 

such as microbleeds, lacunes, and white matter hyperintensities are observed in individuals with 

PD and have been related to cognitive abilities in this population (Chen et al., 2021; Shibata et 

al., 2019). A meta-analysis conducted by Liu et al. (2021) found that white matter 

hyperintensities are more prevalent in persons with PD who have dementia (PD-D) than in those 

without cognitive impairment. Another recent review found associations between white matter 

hyperintensities and cognition in persons with PD in 8 out of 11 studies (Vesely et al., 2016). 

White matter hyperintensities also predict future cognitive decline (Dadar et al., 2018; Kandiah 

et al., 2014) and are related to impairments in executive functioning (Linortner et al., 2020; Ng et 

al., 2012) and memory (Dunet et al., 2019).  

Beyond white matter hyperintensities, an emerging measure of cerebral small vessel 

disease is enlarged perivascular spaces (Doubal et al., 2010; Francis et al., 2019). As described in 

Chapter 2, these spaces are cerebrospinal fluid-filled cavities that surround penetrating cerebral 

vasculature and appear as small high-signal areas. Research examining perivascular spaces has 

primarily focused on the white matter and the basal ganglia, as enlarged perivascular spaces are 

frequently observed in these regions and have morphological distinctions that may be clinically 

relevant (see Ramirez et al., 2016, and Wardlaw et al., 2020, for reviews).  

The study of perivascular spaces and their clinical relevance in PD is still in its infancy. 

Initial studies have found that enlarged perivascular spaces are more common in individuals with 

PD than in healthy controls (Donahue et al., 2021; Shen et al., 2021) and that enlarged white 
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matter and basal ganglia perivascular spaces are associated with reduced performance on brief 

measures of global cognition among individuals with PD (Chen, et al., 2021; Shibata et al., 2019; 

Si et al., 2020). Additionally, enlarged basal ganglia perivascular spaces have been associated 

with future cognitive deterioration in persons with PD (Park et al., 2019).  

It is of interest to examine whether sleep disturbances influence the relationship between 

perivascular spaces and cognition, as perivascular spaces and sleep have been related in previous 

studies. For example, perivascular space enlargement has been related to self-reported sleep 

quality (Aribasini et al. 2020; Del Brutto et al., 2019; Ramirez et al., 2021) and 

polysomnography sleep metrics (including sleep efficiency, apnea-hypopnea index, wakefulness 

after sleep onset, and non-REM sleep/ N3 stage; Berezek et al., 2015; Del Brutto et al., 2019) in 

healthy older adults and cardiovascular populations. Initial studies exploring the association 

between perivascular spaces and sleep in individuals with PD have focused only on REM sleep 

behaviour disorder (Shin et al., 2021; Si et al., 2020), so the relationship with overall sleep 

quality remains unknown.   

Memory and executive function declines have been observed in individuals with 

Parkinson’s disease and in patients with poor sleep and markers of white matter disease. We 

sought to extend these findings by examining the association of white matter and basal ganglia 

perivascular space volumes with cognitive performance and whether poor sleep quality 

exacerbates this association. First, we examined the main effects of sleep quality and 

perivascular spaces on cognitive performance in a sample of persons with PD with varying 

cognitive status (i.e., normal cognition, MCI, and dementia). We hypothesized that enlarged 

perivascular spaces and poor sleep quality would be related to lower domain-specific cognitive 

performance. Second, we examined whether the interaction of perivascular spaces and sleep 
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quality is related to cognitive abilities in the same sample. We hypothesized that enlarged 

perivascular spaces and poor sleep quality would be associated with reduced performance on 

tasks assessing memory and executive functions. Third, to provide a more global rather than 

domain-specific perspective, we examined group differences in perivascular space volumes and 

sleep quality across the cognitive spectrum of PD (i.e., in individuals with normal cognition, 

MCI, and dementia). We hypothesized that larger perivascular space volumes and poorer sleep 

quality would be observed in groups with greater cognitive impairment.  

Methods 

Participants 

Participants were part of the Ontario Neurodegenerative Disease Research Initiative 

(ONDRI), an ongoing longitudinal, multisite, and multidisciplinary research study investigating 

five neurodegenerative conditions (Farhan et al., 2017). As part of this initiative, all participants 

underwent genomics, neuroimaging, assessments of ocular function, gait and balance, as well as 

language and neuropsychological testing. Data for the present study were obtained from baseline 

assessments of the Parkinson’s disease cohort and went through rigorous data quality evaluation 

prior to analysis (Sunderland et al., 2019).  

One hundred and forty participants provided informed consent and met extensive 

eligibility criteria for the larger ONDRI study (Farhan et al., 2017; Sunderland et al., 2020) and 

for the PD cohort. These included: (a) 55-90 years of age, (b) established diagnosis of idiopathic 

Parkinson’s disease based on United Kingdom Parkinson’s Disease Society Brain Bank (Hughes, 

Daniel, Kilford, & Lee, 1992) criteria in the past 3-8 years, (c) PD progression at Stage 2 or 3 on 

the Hoehn & Yahr Scale (Hoehn & Yahr, 1967), (d) proficiency in English as indicated by a self-

rated score ≥ 7 out of 10 for both speaking and understanding English on the Language 
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Experience and Proficiency Questionnaire (Marian et al., 2007), (e) 8 or more years of formal 

education, (f) MoCA score ≥ 18 (Nasreddine et al., 2005), (g) sufficient vision and hearing to 

complete testing, and (h) completion of at least 75% of the neuropsychological battery. 

Exclusion criteria included: (a) substance abuse within the past year, (b) unstable cardiac, 

pulmonary, renal, hepatic, endocrine, hematologic, or active malignancy or infectious disease, 

(c) AIDS or AIDS-related complex, (d) unstable psychiatric illness (psychosis or major 

depression) within 90 days of the screening, (e) enrollment in a therapeutic trial, or (f) current 

underlying disease that may interfere with the participant’s ability to participate. Each participant 

was required to have a study partner who provided collateral information on their functioning. 

All assessments were completed during participants’ medication “ON” state.  

Assessment Measures 

Neuropsychological Performance. All participants completed a comprehensive 

neuropsychological test battery. Twelve variables from six tests were sorted into memory and 

executive function domains (see Table 5), in keeping with earlier research (Litvan et al., 2012; 

Zaidi et al., 2020). All neuropsychological tests were administered and scored using rigorous 

quality assurance and control methods (McLaughlin, 2020). 

Questionnaires. Sleep quality was determined with the Pittsburgh Sleep Quality 

Inventory (PSQI; Buysse et al., 1989). Out of the 19 items on this self-report measure, 15 have 

Likert-like response scales and 4 are open-ended. Responses to each item are converted to a 

score between 0 and 3 using the scoring manual (See Appendix C for a copy of the measure and 

scoring manual). Items are then summed together to measure seven components of sleep, 

including sleep duration, subjective sleep quality, sleep latency, habitual sleep efficiency, sleep 

disturbances, use of sleeping medication, and daytime dysfunction. Each of the sleep 
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components yields a score ranging from 0 to 3, with 3 indicating greatest dysfunction. The sleep 

components scores are then summed to yield a total score ranging from 0 to 21, with higher 

scores indicating poorer sleep quality.  

The PSQI is the most commonly used questionnaire to assess sleep quality and is 

generally considered the gold standard measure for the assessment of subjective sleep quality 

(Fabbri et al., 2021). A recent meta-analysis on the psychometric properties of the PSQI found 

that it demonstrated good internal consistency and test-retest reliability, but there are some 

discrepancies in the factor structure across studies, suggesting that the total score may be a more 

reliable measure of sleep quality (Mollayeva et al., 2016). Total scores on the PSQI have also 

been shown to distinguish clinical and non-clinical samples with (self-report and 

polysomnography confirmed) sleep difficulties (Buyesse et al., 1989; Mollayeva et al., 2016), 

suggesting that the measure has good construct validity. 

A broader set of questionnaires assessing self-reported functioning – including subjective 

cognitive decline, independence in instrumental activities of daily living, and neuropsychiatric 

symptoms – was also administered to participants and their study partners for cognitive 

classification purposes (see Zaidi et al., 2021, for more details).  

Neuroimaging. Scans were conducted at multiple sites within Ontario, Canada, with 

neuroimaging data acquired from each site’s respective 3T MRI scanner. These included a 

General Electric (GE, Milwaukee, WI) Discovery 750, a GE Signa HDxt, a Siemens Health Care 

(Siemens, Erlangen, Germany) Prisma, a Siemens TrioTim, and a Siemens Skyra. The full MRI 

acquisition protocol can be found in Appendix 1.  MRI-based volumetrics were acquired using 

previously published methods (see Ramirez et al., 2020). 
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All images were processed using Semi-Automatic Brain Region Extraction (Gibson et al., 

2010), a pipeline parcellation technique. This process requires a trained technician to identify 13 

landmarks on each hemisphere to create individualized brain maps. Coordinates of the Talairach 

grid system (Talairach & Tournoux, 1988) are then overlayed onto each participant’s brain map. 

This process accounts for natural individual differences in anatomy and significant focal or 

global brain atrophy that can occur in neurodegenerative disease. Enlarged perivascular spaces 

were then identified using the Lesion Explorer pipeline (Ramirez et al., 2014) based on the 

standards for reporting vascular changes on neuroimaging criteria (Wardlaw et al., 2013). In this 

pipeline, perivascular spaces were defined as small (< 3 mm), linear hyperintensities following 

the course of vasculature that appear as CSF intensities on T2, T1, and FLAIR sequences (i.e., 

hyperintense on FLAIR sequences; hypointense on T1 and T2 sequences). After identification, 

all regions-of-interest were reviewed by a trained technician. Only highly trained neuroimaging 

analysts achieving intraclass correlation coefficients and similarity indices > 0.90 are allowed to 

perform this procedure. Additionally, a neuroradiologist was consulted if complex radiological 

anomalies were present. This methodology has been validated against the Patankar VRS 

(Patankar et al., 2005) and Wardlaw Enlarged Perivascular Spaces 

(http://www.bric.ed.ac.uk/documents/epvs-rating-scale-user-guide.pdf) visual rating scales 

(Ramirez et al., 2011; 2014; Ramirez, Berezuk et al., 2015).  

Once perivascular spaces were identified, perivascular space volumetrics in the basal 

ganglia and white matter were extracted. For this investigation, basal ganglia spaces were 

defined as the region encompassing the caudate, lentiform nucleus, and thalamus, whereas white 

matter spaces included regions located within the remaining supratentorial cerebral white matter. 

Individual differences in head size and the highly skewed distribution of white matter 
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hyperintensities and perivascular space volumes (Decarli et al., 2005; Ramirez, McNeely et al., 

2015) were adjusted for with a natural log transform and supratentorial total intracranial 

volumes. MRI-based volumetrics were acquired using previously published methods (Ramirez et 

al., 2020). 

Cognitive Status Classification Procedures 

Participants were classified based on standardized criteria proposed by the Movement 

Disorders Society PD-MCI Task Force (Litvan et al., 2012) following study enrollment. The 

normal cognition (i.e., PD-NC) category included participants who displayed unimpaired 

cognition for their age and education (defined as no more than one impaired test score across all 

domains), with or without subjective decline, and no functional impairment. The mild cognitive 

impairment (i.e., PD-MCI) category included participants with single-domain or multidomain 

cognitive impairment (i.e., a minimum of two impaired scores either within or across domains, 

respectively), subjective cognitive decline, and no functional impairment. The dementia (i.e., 

PD-D) classification included participants with multidomain cognitive impairment, defined as a 

minimum of one impaired score (≥ 1.5 SD below education- and/or age-corrected test-specific 

norms) in two or more domains, subjective cognitive decline, and functional impairment (Emre 

et al., 2007). Ten participants who did not fit these criteria (e.g., those with cognitive impairment 

but no subjective cognitive decline), were removed from analyses involving cognitive 

classification.  

Assessment of Covariates 

Demographic, clinical, and neuroimaging data were collected as part of the ONDRI 

protocol (Farhan et al., 2017). A long list of possible covariates that are thought to have a 

relationship with sleep, cognition, and/or vascular functioning was considered (Francis et al., 
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2019; Ramirez et al., 2021), including: age, sex, level of education, waist-to-hip ratio, systolic 

blood pressure when seated, total-cholesterol-to-HDL ratio, total white matter hyperintensities 

and lacune volume (corrected for total intracranial volume and log transformed), motor 

complications (as measured by MDS-UPDRS Part IV), ventricle cerebral spinal fluid volume, 

depression symptomatology, history of smoking, hemoglobin A1C, and fasting serum glucose 

levels. Depression symptoms were examined with the Quick Inventory of Depressive 

Symptomatology – Self Report (Rush et al., 2003). Diabetes was considered to be present if 

fasting glucose was > 7 mmol/L or % hemoglobin A1C was > 6.5.  

Statistical Analyses 

 As part of the neuropsychological evaluation, participants were exempt from subsequent 

conditions within a test if they were unable to complete a previous condition within a pre-set 

time limit (e.g., Trail Making Test - Part B was administered only if Part A was completed 

within a pre-set time limit) resulting in a missing value. For these cases (n = 7), the missing 

value was imputed with an extreme value representing the lowest possible score. Mean 

replacement was used for all other cases of missing data (n = 8). To facilitate interpretation, 

prorated scores were used on the Quick Inventory of Depressive Symptomatology – Self Report 

as the suicidality item was not administered. 

Memory and executive functioning composite scores were calculated using test scores 

listed in Table 5. Raw scores were transformed to z-scores based on performance within the 

present sample, and participant scores were averaged within each domain. On timed measures, 

scores were inverted so that higher z-scores reflected better performance (i.e., faster completion 

times).  
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Each variable was examined for normality and outliers. Because tests of normality are 

sensitive to large sample sizes (Field et al., 2012), normality was examined through visual 

inspection of histograms, normal QQ plots, box plots, and measures of kurtosis and skewness 

(Cramer, 1998; Cramer & Howitt, 2004). Data points were considered outliers if they were more 

than 1.5 times the interquartile range beyond the first or third quartile (Tukey, 1977). Variables 

were examined for homogeneity of variances through Levene’s tests prior to use in analyses of 

variance and covariance (MANOVA/ANCOVA). Regression models were examined for 

linearity, homoscedasticity, multicollinearity, high leverage, and influential points. Specific 

cases were evaluated for exclusion if it was an outlier, had a leverage value 3 times the average 

leverage value (Stevens, 2002), and had a Cook′s distance (effect of a single case on a model) 

value >0.7 (Cook and Weisberg, 1982; Field et al., 2012).  

Perivascular space volumes and sleep quality were fit with a linear model using memory 

and executive function composites as response variables. Main effects of sleep quality and 

perivascular space volumes on memory and executive function, as well as analyses examining 

the interaction of perivascular space volumes and sleep quality on cognitive performance were 

examined using hierarchical multiple linear regression modeling. Considering the influence of 

age and education on cognition (Lezak et al., 2012), these variables were included in the first 

block. This was followed by a block with sleep quality and perivascular space volume to 

examine main effects, and then a separate additional block was used to examine the interaction 

between these terms. Additional analyses used MANOVA/ANCOVA to examine differences in 

perivascular space volumes and sleep quality across cognitive classification groups. Covariates 

that were related to the outcome variables (i.e., covariates and outcome variables had at least a 

small effect size: r > .1 or d > .3; Cohen et al., 1988; see Table 6 for analysis) were included in a 
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sensitivity analysis to evaluate reliability of results. All statistical analyses were conducted in 

SPSS Version 27.0. All study procedures were approved by the Research Ethics Boards at 

Baycrest Health Sciences. 

Results 

Descriptive statistics for demographics, clinical measures, questionnaires, and 

neuroimaging volumetrics for both the sample as a whole and within cognitive classification 

subgroups are reported in Table 6. Participants were predominantly men in their 60s and 70s 

with some university education. As would be expected, MoCA scores ranged from normal to 

below normal across the three groups.  Otherwise, participants exhibited average waist-to-hip 

ratios and cholesterol-to-high density lipoprotein levels, normal-to-mild depression 

symptomatology, prediabetic levels of hemoglobin A1C, and just over a third of the sample had 

a history of smoking. For each participant, data were collected within an average of 24 days (SD 

= 22, range = 0 to 185). 

Scores on all test variables within the executive function, rs = .32-.86, and memory, rs = 

.37-.89, domains were significantly correlated with medium to large effect sizes. There was a 

large, significant correlation between memory and executive function domain scores, r(138) = 

.59, p < .001. See Table 7 for correlations between primary variables of interest. Correlations 

between covariates and variables of primary interest are reported in Table 8. Age and education 

were significantly correlated with memory and executive function domains, whereas only age 

was significantly correlated with white matter perivascular spaces and sleep quality. 

There was a significant correlation between logarithmic head-corrected white matter and 

basal ganglia perivascular space volumes, r(138) = .37, p < .001. The relationship between 

perivascular spaces and other measures of small vessel disease, including white matter 
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hyperintensities and lacunes was examined. Volume of white matter perivascular spaces had a 

small correlation with lacune volumes, r(138) = .20, p = .02, and white matter hyperintensities, 

r(138) = .15, p = .07. Volume of basal ganglia perivascular spaces was not correlated with 

lacune volumes, r(138) = .03, p = .70, or white matter hyperintensities, r(138) = .14, p = .09. 

Executive Function 

After accounting for age and education, which together accounted for 20% of the 

variability in executive function variance, sleep quality and white matter perivascular space 

volumes accounted for 2% of executive function performance variance, ΔF(2,135) = 1.87, p = 

.16, SE = .7. Neither sleep quality nor white matter perivascular space volumes made a 

significant individual contribution to the model (ps > .06). There was a small interaction effect of 

white matter perivascular space volumes on the relationship between sleep quality and executive 

function, Δr2 = .04, ΔF(1,134) = 7.6, p  = .007, SE = 0.7, after controlling for covariates and 

main effects (see Figure 3 for bar graph and Figure 4 for regression model). These results 

indicate that individuals with smaller white matter perivascular space volumes and good sleep 

quality exhibit better executive function performance. Sensitivity analyses with additional 

covariates that are related to executive function performance (i.e., depression symptoms and 

sleep medication; see Table 8) yielded similar findings, Δr2 = .03, ΔF(1,132) = 6.56, p  = .01, SE 

= 0.64. 

Sleep quality and basal ganglia perivascular space volume accounted for only 0.2% of the 

variance in executive function performance after controlling for covariates, ΔF(2,135) = 1.40, p 

= .26, SE = .70, and neither variable made a significant individual contribution to the model (ps 

> .06). Interaction analysis revealed that basal ganglia perivascular space volumes did not 
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moderate the relationship between sleep quality and executive function performance, Δr2 = .02, 

ΔF(1,134) = 3.64, p  = .06, SE = .70.  

Memory 

After accounting for age and education, which together accounted for 10% of the 

variability in memory variability, sleep quality and white matter perivascular space volumes 

volume accounted for a negligible amount (0.2%) of the variance in memory performance, 

ΔF(2,135) = 0.137, p = .87, SE = .77. Neither variable made a significant individual contribution 

to the model (ps > .06). Interaction analysis revealed that white matter perivascular space volume 

did not moderate the relationship between sleep quality and memory, Δr2 = .02, ΔF(1,134) = 

2.75, p  = .10, SE = .77.  

Sleep quality and basal ganglia perivascular space volume accounted for only 0.6% of the 

variance in memory performance after controlling for covariates, ΔF(2,135) = 0.47, p = .63, SE 

= .77, and neither variable made a significant individual contribution to the model (ps > .06). 

Interaction analysis revealed that basal ganglia perivascular space volumes did not moderate the 

relationship between sleep quality and memory, Δr2 = .008, ΔF(1,134) = 1.28, p  = .26, SE = .77. 

Perivascular Spaces and Sleep Quality 

There was a small, significant relationship between sleep quality and logarithmic head-

corrected white matter perivascular space volumes, r(139) = -.19, p = .01. When all covariates 

that had a relationship with white matter perivascular space volumes and/or sleep quality (age, 

education, waist-to-hip ratio, systolic blood pressure, cholesterol-to-HDL, head-corrected white 

matter hyperintensities and lacunes, ventricle cerebral spinal fluid, depression symptomatology, 

motor complications, diabetes, sex; see Table 8) were collectively included in the model, the 

relationship stayed relatively consistent (r = -.22, p = .016). When covariates were individually 
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included in the model, this relationship also stayed relatively consistent (rs = -.19 – -.17, ps = 

.02-.04), except when age was included in the model, r(137) = -.15, p = .08 (see Table 9). The 

relationship between sleep quality and basal ganglia perivascular space volumes was negligible 

in size and not significant, r(138) = -.03, p = .38. 

Cognitive Status Group Differences 

MANOVA analyses revealed a small significant effect of cognitive status category on 

white matter perivascular space volumes and sleep quality, F(6,250) = 1.92, p = .07, ηp2 = .044, 

Wilks’ Λ = .91. The main effect on white matter perivascular space volumes was significant, 

F(2,127) = 2.97, p = .05, ηp2 = .045 (small effect), but main effects on sleep quality, F(2,127) = 

1.78, p = .173, ηp2 = .03 (small effect), and basal ganglia perivascular space volumes, F(2,127) = 

0.21, p = .81, ηp2 = .003 (negligible effect), were not significant.  

Group differences in white matter perivascular space volumes were re-examined with 

covariates that had a relationship with white matter perivascular space volumes (i.e., waist-to-hip 

ratio, head-corrected white matter hyperintensities, ventricle cerebral spinal fluid, sex, diabetes; 

see Table 8). Group differences stayed relatively consistent when covariates were individually 

added, Fs = 2.8–3.4, ps = .04-.06, ηp2s = .043-.051, except when age was included in the model, 

F = 2.3, p = .10, ηp2 = .036 (see Table 10). 

Group analyses revealed that white matter perivascular space volumes were larger for 

PD-MCI than PD-NC, t(102) = 2.43, p = .02, d = 0.48, but there was no difference between PD-

MCI and PD-D, t(79) = 1.13, p = .26, or PD-NC and PD-D, t(73) = -.848, p = .40 (Figure 5). The 

significant difference between the PD-NC and PD-MCI groups persisted when covariates related 
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to white matter perivascular space volume were included in the analysis, ts = 1.99–2.65, ps = 

.009-.05, ηp2s = .038-.065 (see Table 11).   

Discussion 

The present findings suggest a complex relationship between sleep quality, perivascular 

space volume, and cognition in PD. Examination of individual relationships revealed that neither 

sleep quality nor perivascular space volumes were directly related to memory or executive 

function performance after controlling for covariates. Interaction analyses indicated that 

individuals with PD who had smaller white matter perivascular space volumes and good sleep 

quality exhibited better executive function performance. Finally, we found differences in 

perivascular space volumetrics across specific groups differing in cognitive status. Individuals 

with PD-MCI exhibited significantly larger white matter perivascular space volumes relative to 

PD-NC, but other group differences were not observed. These findings suggest that executive 

function abilities are better among individuals with good sleep quality and smaller perivascular 

spaces volumes, and that enlarged white matter perivascular spaces are related to cognitive status 

category in early disease. 

The present findings indicate that sleep quality is not independently associated with 

cognitive performance in PD. This null finding may be attributed to the use of self-report 

measures to examine sleep quality. Self-report measures of sleep are advantageous because they 

capture the experience of sleep over a longer period of time (i.e., 1 month) and are not influenced 

by sleep-related motor movements that are common in PD, but they are limited because self-

reports are influenced by a person’s personality, their state of mind, perception of sleep, insight, 

and other psychological factors (Morgan et al., 1989; Vanable et al., 2000). These factors may 
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have influenced participants’ sleep quality ratings and the reported relationship between sleep 

and cognition.  

We also found that perivascular space volumes in the basal ganglia and white matter 

were not related to cognitive domain abilities in Parkinson’s disease. These results were 

surprising given that other studies have found associations between perivascular spaces and 

cognitive abilities (assessed by brief measures of global cognition) among individuals with PD 

(Chen et al., 2021; Shibata et al., 2019; Si et al., 2020). Discrepancy in findings may be 

explained by the differences in outcome measures used, as our study examined specific cognitive 

domain abilities, whereas other studies used brief measures of global cognition. Therefore, it 

may be that perivascular spaces are related to global cognitive functioning but are not related to 

specific cognitive domains or specific neural networks related to memory or executive 

functioning. This interpretation is consistent with our finding of differences in perivascular space 

volumes between some cognitive status groups, as cognitive status is defined globally, and not 

by specific domains. Of course, there are also methodological differences between the 

aforementioned studies and the current study (i.e., use of visual rating scales vs. computerized 

methodology to examine perivascular spaces) that may also be contributing to the discrepant 

finding. 

When examining the interaction, the pairing of larger perivascular space volumes and 

poor sleep quality was not associated with reduced memory or executive function abilities. That 

said, the significant interaction indicated that better executive function abilities were observed in 

individuals with PD who had smaller perivascular space volumes and good sleep quality. 

Therefore, it may be that poor sleep quality and larger perivascular space volumes are 

insufficient to impair domain-specific cognitive abilities, but when good sleep quality and 
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smaller white matter perivascular spaces occur together, better cognitive abilities are observed. 

There are at least two possible explanations for these findings. Firstly, it may be that good sleep 

and low levels of vasculopathology provide the opportunity to prevent decline in executive 

function abilities in PD. This idea is supported by previous research which has found that a low 

frequency of enlarged perivascular spaces (Passiak et al., 2019) and absence of sleep problems 

(Montanaro et al., 2021; see meta-analysis Pushpanathan et al., 2016) are associated with better 

executive function performance. Secondly, it is possible that good sleep quality in individuals 

with PD maintains good glymphatic clearance, resulting in better cognitive abilities. Because 

mechanisms during sleep are responsible for the clearance of amyloid-beta (Xie et al., 2013), a 

known contributor to cognitive decline in PD (Hall et al. 2016; Shahid et al. 2019; see Irwin et 

al., 2013, for review), then good sleep may increase clearance resulting in reduced perivascular 

space volumes, lower deposit of amyloid (and possibly other neurotoxins such as alpha 

synuclein) and better cognitive abilities (Sundaram et al. 2018; Mestre et al., 2017). Although 

these two interpretations are intriguing, they are speculative only, as the interaction was small in 

magnitude and there was a substantial amount of unexplained variance in the data.  

Although we did not find main effects of perivascular space volumes on cognitive 

domain performance, we did find that white matter perivascular space volumetrics were related 

to cognitive status category, with white matter perivascular space being significantly larger in 

individuals with PD-MCI than in individuals with PD-NC. The perivascular space volume 

difference between PD-MCI and PD-NC suggests that vasculopathology has an important 

relationship with cognitive decline in early disease. Research has shown that cerebrovascular 

disease accelerates neurodegenerative processes in Alzheimer’s disease (Janota et al., 2016; 

Levit et al., 2020), and therefore a similar process may be occurring in PD. Large cohort studies 
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have found that cerebrovascular risk factors are associated with the development of PD 

(Kummer et al., 2019; Malek et al., 2016), raising the possibility that cerebral small vessel 

disease may be contributing to PD neurodegenerative processes, such as accumulation of Lewy 

bodies. If this interpretation holds true, then vascular dysfunction may provide a ‘double hit’ on 

cognition, by not only impairing brain perfusion resulting in ischemic injury but also by 

accelerating neurodegeneration. Future research is needed to confirm this hypothesis.  

Interestingly, white matter and basal ganglia perivascular space volumetrics in PD-D 

were intermediate to those observed in PD-MCI and PD-NC and not statistically different from 

either group. These findings likely indicate that disease factors or systems not related to 

vasculopathology (or enlarged perivascular spaces) are contributing to dementia diagnosis in this 

sample of PD participants.  For example, dysfunction of the cholinergic and dopaminergic 

systems may be contributing to dementia development in this sample (Biundo et al., 2016; 

Goldman & Litvan, 2011; Halliday et al., 2014; Svenningsson et al., 2012). This is especially 

likely considering that disease duration is approximately equal across the three groups, and 

therefore multiple systems are likely failing in the PDD group, which results in faster cognitive 

decline over the same period of time. Additional studies to investigate this hypothesis and 

replicate the current results are necessary as only a few studies have examined perivascular 

spaces and cognition in PD (Chen et al., 2021; Park et al., 2019; Shibata et al., 2019; Si et al., 

2020), and no other study has examined perivascular spaces across PD-NC, PD-MCI, and PD-D 

groups.   

Finally, the present investigation found an association between self-reported sleep quality 

and white matter perivascular space volumes in PD. This relationship remained consistent when 

all covariates were included in the model and when most variables were independently included, 
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but this association was not significant when age was independently included in the model. This 

finding is consistent with another study in healthy older adults that found bivariate associations 

between self-reported sleep quality and frequency of enlarged basal ganglia perivascular spaces, 

but similarly, this association was not significant when covariates were included in the model 

(Del Brutto et al., 2019). These findings suggest that an association between poor sleep and 

enlarged perivascular spaces exists when examined in isolation but that other factors, particularly 

age, account for a significant portion of the variance between these two constructs. This is not 

surprising given that both the presence of cerebral small vessel disease (Francis et al., 2019) and 

metrics of poor sleep (Ancoli-Israel et al., 2009; Mander et al., 2017; Neikrug & Ancoli-Israel, 

2009) are known to increase with age.  

Strengths and Limitations 

This investigation adds to our understanding of sleep, perivascular spaces, and cognition 

in PD by utilizing stringent methodologies that allow for a comprehensive examination of these 

constructs.  For example, all neuropsychological data included in this study went through 

rigorous quality assurance measures to ensure data integrity (Sunderland et al., 2020; 

McLaughlin et al., 2020). Cognitive classification (i.e., PD-NC, PD-MCI, and PD-D) was based 

on performance on a 14-test neuropsychological battery, and cognitive domain composites were 

defined in a theory-driven manner, which reduces intraindividual variability (Jonaitis et al., 

2019) and increases sensitivity to early cognitive changes (Mortamais et al., 2017). Perivascular 

space volumes were extracted from 3T imaging through a computational process and were head 

corrected, which allowed for a more controlled examination of perivascular spaces relative to 

semiquantitative visual rating scales.  
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One limitation of the present study is its cross-sectional design, which prevents us from 

discerning the temporal order or causal relationship between perivascular space volumes and 

sleep quality. For example, it is uncertain whether perivascular space enlargement precedes poor 

sleep quality or whether mechanisms causing poor sleep result in perivascular space volume 

changes. Longitudinal research would provide an optimal opportunity to examine these 

interesting questions. A second limitation of the present study is that we did not control for 

medication use, such as cognitive-enhancing medications, sleep medication, antidepressants, and 

dopamine agonists, which could influence one’s mood, sleep, and cognitive abilities. Finally, the 

present study did not have a control group. This prevented us from comparing the strength of the 

associations found in individuals with PD to those observed in healthy older adults.  

Conclusion 

Identifying factors that confer risk or contribute to cognitive performance and impairment 

in PD is important for determining interventions that could prevent or slow cognitive decline. 

This study examined perivascular spaces and sleep as potential contributors or explanatory 

mechanisms for cognitive decline in PD. Our results suggest that neither sleep nor perivascular 

spaces have a direct relationship with cognitive domain performance in PD, but when good sleep 

quality and small perivascular spaces occur together, better executive function performance is 

observed. We also found that there may be perivascular space enlargement during the transition 

from normal cognition to MCI in PD. Future research is needed to discern the causal relationship 

between these factors using longitudinal studies.  
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Table 5:  

Test Scores Included in Domain Scores 

 
Executive Function   
  Trail Making Test - Part B (time score)   
  D-KEFS: Colour-Word Interference: Interference trial (time score)   
  D-KEFS: Colour-Word Interference: Inhibition/switching trial (time score)   
  D-KEFS: Verbal Fluency: Letter fluency (FAS or BHR; total correct responses)   

  
D-KEFS: Verbal Fluency: Category fluency (animals/clothing and boys/girls names; 
total correct responses)   

  WASI-II: Matrix Reasoning (total score)   
Memory   
  RAVLT: Immediate recall trials 1-5 (total score)   
  RAVLT: Long-delayed recall trial (total score)   
  RAVLT: Recognition hits (total score)   
  BVMT-R: Immediate recall trials (total score)   
  BVMT-R: Delayed recall trial (total score)   
  BVMT-R: Recognition discrimination index score   
Trail Making Test (Reitan & Wolfson, 1985), Delis-Kaplan Executive Functioning 
System (D-KEFS; Delis, Kaplan, & Kramer, 2001), Wechsler Abbreviated Scale of 
Intelligence, 2nd edition (WASI-II; Wechsler, 2011), Rey Auditory Verbal Learning 
Test (RAVLT; Schmidt, 1996), Brief Visuospatial Memory Test – Revised (BVMT-R; 
Benedict, 1997) 
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Table 6: Demographic Characteristics of Parkinson’s Disease Sample 

Demographics 
All 

N = 140 
PD-NC 
n = 49 

Age (in years) 67.9 (6.4) 66.2 (6.1) 
Sex (Male:Female) 109:31 36:13 
Education (in years) 15.5 (2.7) 15.9 (2.7) 
Handedness (Right:Left) 131:9 45:4 
Years since diagnosis 4.7 (1.6) 4.5 (1.2) 
Montreal Cognitive Assessment score 25.8 (2.6) 27.4 (2.0) 
Smoking history (Yes:No) 58:82 18:31 
Rapid eye movement behaviour disorder diagnosis 
(Yes:No) 34:95 10:38 

Systolic blood pressure – seated (mmHg) 131.6 (19.9) 134.6 (19.2) 
Diastolic blood pressure – seated (mmHg) 78.0 (10.3) 78.7 (10.4) 
Waist-hip ratio 0.9 (0.1) 0.9 (0.1) 
Cholesterol (mmol/L) 4.6 (1.1) 4.7 (.9) 
High density lipoprotein (mmol/L) 1.4 (0.4) 1.5 (.4) 
 Cholesterol-to-high density lipoprotein ratio 3.4 (0.9) 3.4 (.8) 
Low density lipoprotein (mmol/L) 2.6 (0.9) 2.6 (.8) 
Fasting serum glucose (mmol/L) 6.0 (1.8) 5.7 (2.1) 
Hemoglobin A1C (%) 5.9 (1.0) 5.7 (1.0) 
Self-reported questionnaires   
Generalized Anxiety Disorder - 7 (max = 21) 3.2 (4.1) 2.3 (2.9) 
Modified Rankin Scale (max = 5) 1.7 (0.7) 1.5 (0.6) 
Past month alcohol-use (Yes:No) 108:32 41:8 
Quick Inventory of Depressive Symptomatology 
(max = 27) 6.3 (3.7) 5.1 (2.9) 

Movement Disorder Society-Unified Parkinson’s Disease Rating Scale  
 Part I (max = 60) 10.2 (5.8) 7.9 (4.4) 
 Part II (max = 52) 9.8 (6.4) 6.8 (4.3) 
 Part III (max = 132) 23.7 (12.1) 19.8 (10.2) 
 Part IV (max = 24) 3.3 (3.5) 2.3 (3.0) 
 Total (max = 272) 46.8 (20.1) 36.9 (15.4) 
 TD:PIGD 1.4 (1.4) 2.0 (1.7) 
 TD: indeterminate: PIGD 52:12:76 24:3:22 
Pittsburgh Sleep Quality Inventory (total; max = 21) 7.3 (3.9) 6.5 (3.3) 
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Table 6 continued 

Demographics 
PD-MCI 
n = 55 

PDD 
n = 26 

Age (in years) 68.1 (5.7) 69.3 (7.1) 
Sex (Male:Female) 44:11 20:6 
Education (in years) 15.3 (2.9) 15.4 (2.4) 
Handedness (Right:Left) 52:3 25:1 
Years since diagnosis 4.6 (1.7) 5.0 (2.0) 
Montreal Cognitive Assessment score 24.9 (2.5) 24.8 (2.6) 
Smoking history (Yes:No) 23:32 12:14 
Rapid eye movement behaviour disorder diagnosis 
(Yes:No) 15:40 9:17 

Systolic blood pressure – seated (mmHg) 126.7 (18.1) 134.8 (23.1) 
Diastolic blood pressure – seated (mmHg) 78.0 (10.2) 77.2 (11.4) 
Waist-hip ratio 0.9 (0.1) 0.9 (0.1) 
Cholesterol (mmol/L) 4.6 (1.2) 4.3 (1.0) 
High density lipoprotein (mmol/L) 1.4 (.4) 1.4 (.5) 
 Cholesterol-to-high density lipoprotein ratio 3.3 (.8) 3.3 (1.0) 
Low density lipoprotein (mmol/L) 2.6 (1.0) 2.4 (.7) 
Fasting serum glucose (mmol/L) 5.3 (0.6) 5.8 (0.9) 
Hemoglobin A1C (%) 5.6 (0.5) 5.7 (0.5) 
Self-reported questionnaires   
Generalized Anxiety Disorder - 7 (max = 21) 3.9 (4.9) 3.7 (4.0) 
Modified Rankin Scale (max = 5) 1.6 (.6) 2.2 (.8) 
Past month alcohol-use (Yes:No) 42:13 18:8 
Quick Inventory of Depressive Symptomatology 
(max = 27) 7.1 (4.1) 7.5 (4.0) 

Movement Disorder Society-Unified Parkinson’s Disease Rating Scale  

 Part I (max = 60) 10.7 (6.4) 13.0 (5.8) 
 Part II (max = 52) 10.3 (6.1) 14.5 (7.7) 
 Part III (max = 132) 25.0 (12.3) 28.2 (14.2) 
 Part IV (max = 24) 3.7 (3.8) 3.9 (3.7) 
 Total (max = 272) 49.4 (20.0) 59.6 (22.7) 
 TD:PIGD 1.2 (1.0) 0.6 (0.6) 
 TD: indeterminate: PIGD 21:7:27 3:2:21 
Pittsburgh Sleep Quality Inventory (total; max = 21) 7.7 (4.0) 8.0 (4.4) 
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Table 6 continued 
  

Neuropsychology All 
N = 140 

PD-NC 
n = 49 

Executive function domain composite*  .65 (.4) 
Memory domain composite*  .55 (.6) 
Neuroimaging   

Total PVS (mm3) 52.71 (55.64) 37.8 (34.6) 
White matter PVS (mm3) 31.16 (41.1) 19.1 (20.1) 
Basal ganglia PVS (mm3) 21.60 (23.6) 18.6 (22.3) 
Deep WMH (mm3) 512.8 (787.4) 284.6 (353) 
Periventricular WMH (mm3) 4501.9 (5620.7) 3056.1 (3373.8) 
Lacunes (cm3) 121.6 (348.8) 55.9 (198.5) 
White matter (mL) 446.1 (61.2) 464.0 (64.9) 
Grey matter (mL) 574.7 (470.8) 595.3 (478.2) 
Sulcal CSF (mL) 252.3 (53.3) 242.5 (561.8) 
Ventricular CSF (mL) 38.2 (19.4) 34.2 (15.6) 
Total intracranial capacity (cm3) 1316.6 (127.0) 1339.5 (134.2) 
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Table 6 continued 

Note. TD = tremor dominant, PIGD = postural instability gait difficulty, PVS = perivascular 
space, WMH = white matter hyperintensities, CSF = cerebrospinal fluid volume. Raw PVS 
volumes are reported for transparency; statistical analyses were performed on transformed head-
size normalized values. Max indicates maximum score for each questionnaire. 
The cells in parentheses represent mean (SD). *Group normed z-scores  
  

Neuropsychology PD-MCI 
n = 55 

PDD 
n = 26 

Executive function domain composite* -.26 (.7) -.71 (.6) 
Memory domain composite* -.37 (.7) -.31 (.7) 
Neuroimaging   
Total PVS (mm3) 66.7 (71.4) 46.7 (43.2) 
White matter PVS (mm3) 43.4 (55.5) 27.5 (31.5) 
Basal ganglia PVS (mm3) 23.3 (26.2) 19.2 (16.2) 
Deep WMH (mm3) 552.5 (894.8) 766.2 (896.0) 
Periventricular WMH (mm3) 3997.3 (4961.9) 7001.6 (8154.0) 
Lacunes (cm3) 154.3 (441.7) 195.1 (399.6) 
White matter (mL) 436.4 (51.2) 451.4 (66.0) 
Grey matter (mL) 560.9 (418.1) 575.2 (49.0) 
Sulcal CSF (mL) 252.7 (452.3) 266.7 (62.1) 
Ventricular CSF (mL) 36.0 (16.2) 45.0 (19.8) 
Total intracranial capacity (cm3) 1290.9 (111.5) 1346.4 (149.1) 
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Table 7:  

Bivariate correlations between variables of interest in Parkinson’s Disease Sample 

 

     Variables Memory 
Domain 

Executive 
Functions 
Domain 

WM-PVS BG-PVS 

 Executive Functions .59*    
 WM-PVS† -.11 -.14   
 BG-PVS† .09 .03 .37*  
 Sleep Quality (total PSQI) .08 -.04 -.19* -.03 

 
Note. WM-PVS = white matter perivascular spaces, BG-PVS = basal ganglia perivascular 
spaces, PSQI = Pittsburgh Sleep Quality Inventory. 
†WM-PVS and BG-PVS were head and logarithmically corrected.  
*Significant correlations are denoted by an asterisk.  
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Table 8:  

Relationship Between Covariates and Outcome Variables in Parkinson’s Disease (N = 140) 

Variables Memory 
Domain 

Executive 
Functions 
Domain 

WM-PVS BG-PVS 
Sleep 

Quality 
(PSQI) 

Continuous variables r r r r r  
 Age (years) -.28* -.37* .27* -.005 -.18* 
 Education (years) .17 .28* .02 .08 .10 
 Waist-hip ratio -.03 .004 .16 .03 -.11 
 Systolic blood pressure – seated .14 .07 .01 .09 -.12 
 Cholesterol-to-HDL ratio  -.02 .05 -.02 .007 .02 
 TIV-corrected WMH -.09 .06 .15 .14 -.09 
 Ventricle CSF volume (mL) .08 .02 .12 -.01 -.14 
 QIDS -.16 -.21* -.08 -.002 .55* 
 MDS-UPDRS Part IV .02 -.12 -.07 .05 -.34* 
 TIV-corrected lacunes -.15 -.17 .11 -.01 -.06 
Dichotomous variables d d d d d 
 Sex .38* .08 .24 .04 .47* 
 Smoking history  .23 .06 .13 .19 .05 
 Diabetes .11 .07 .61* .17 .24 
Note. Dark grey shading indicates medium (or larger) effect sizes; light grey shading indicates 
small effect sizes.  
WM-PVS = white matter perivascular spaces, BG-PVS = basal ganglia perivascular spaces, 
PSQI = Pittsburgh Sleep Quality Inventory, HDL = high-density-lipoprotein, WMH = white 
matter hyperintensities, TIV = total intracranial volume, CSF = cerebral spinal fluid, QIDS = 
Quick Inventory of Depressive Symptomatology; MDS-UPDRS = Movement Disorder 
Society-Unified Parkinson’s Disease Rating Scale. 
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Table 9:  

Partial Correlations Examining the Relationship Between Sleep Quality and White Matter 
Perivascular Space Volume  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Note. This table outlines the main model with various covariates added to the model.  
WMH = white matter hyperintensities, HDL = high-density-lipoprotein, TIV = total intracranial 
volume, CSF = cerebral spinal fluid, QIDS = Quick Inventory of Depressive Symptomatology; 
MDS-UPDRS = Movement Disorder Society-Unified Parkinson’s Disease Rating Scale 
  

Covariates r p 
Model -.19 .01 
Model + Age -.15 .08 
Model + Education -.19 .02 
Model + Waist-to-hip ratio -.17 .04 
Model + Systolic blood pressure -.19 .02 
Model + Cholesterol-to-HDL  -.19 .03 
Model + TIV-corrected WMH -.18 .04 
Model + Ventricle CSF volume (mL) -.18 .04 
Model + Depression symptomatology (QIDS) -.18 .04 
Model + Motor complications (MDS-UPDRS Part IV) -.18 .03 
Model + TIV-corrected lacunes -.17 .04 
Model + Diabetes -.18 .03 
Model + Sex -.17 .04 
All -.22 .016 
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Table 10:  

Relationship Between Cognitive Status Category and White Matter Perivascular Space 

 
 
 
 
 
 
 
 
 
 

Note. This table outlines the main model with various covariates added to the model.  WMH = 
white matter hyperintensities, HDL = high-density-lipoprotein, TIV = total intracranial volume, 
CSF = cerebral spinal fluid.  

Covariates F(3,126) p ηp2 
Model  2.97 .05 .045 
Model + Age 2.33 .10 .036 
Model + Waist-to-hip ratio 3.40 .04 .051 
Model + TIV-corrected WMH 2.85 .06 .043 
Model + Ventricle CSF volume (mL) 3.01 .05 .046 
Model + Sex 2.80 .06 .043 
Model + Diabetes 3.30 .04 .050 
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Table 11: White Matter Perivascular Space Volume Differences Between individuals with 
Parkinson’s disease with Normal Cognition Minus Those with Mild Cognitive Impairment 

 
 
 
 

 
 
 
 
 

Note. This table outlines the main ANOVA analyses with various covariates added to the model. 
T-tests examined those with mild cognitive impairment those with normal cognition 
WMH = white matter hyperintensities, HDL = high-density-lipoprotein, TIV = total intracranial 
volume, CSF = cerebral spinal fluid. 
  

Covariates t p ηp2 
Model  -2.43 .02 .050 
Model + Age -1.99 .05 .038 
Model + Waist-to-hip ratio -2.65 .009 .065 
Model + TIV-corrected WMH -2.31 .02 .050 
Model + Ventricle CSF volume (mL) -2.34 .02 .052 
Model + Sex -2.35 .02 .052 
Model + Diabetes -2.59 .01 .062 
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Figure 3: Interaction of Sleep Quality and White Matter Perivascular Space on Executive 
Function Performance 

 
Note. Linear regression modelling indicated an interaction between sleep quality and 
logarithmic-transformed total-intracranial-volume corrected white matter perivascular space 
volume in executive function performance. White matter perivascular space values and sleep 
quality were mean split for data visualization purposes. Z-scores reflect group-normed 
performance such that performance is relative to other patients in the sample. Error bars 
represent standard error. WM-PVS = white matter perivascular space volumes. (ns left to right = 
27, 47, 32, 30). 
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Figure 4: Interaction of Sleep Quality and White Matter Perivascular Space on Executive 
Function Performance  

 
Note. Linear regression modelling indicated an interaction between sleep quality and 
logarithmic-transformed total-intracranial-volume corrected white matter perivascular space 
volume in executive function performance. White matter perivascular space values and sleep 
quality were mean split for data visualization purposes. Z-scores reflect group-normed 
performance such that performance is relative to other patients in the sample.  
WM-PVS = white matter perivascular space volumes,  
PSQI = Pittsburgh Sleep Quality Inventory 
 

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

0 5 10 15 20

Ex
ec

ut
iv

e 
fu

nc
tio

n 
pe

rf
or

m
an

ce
 

(z
-s

co
re

)

Sleep quality (PSQI score)

Low WM-PVS

High WM PVS

Linear (Low
WM-PVS)
Linear (High
WM PVS)



 70 
 

  
 
Figure 5: Box and Whisker Plot of White Matter Perivascular Space Volume Across Cognitive 
Status Category in Parkinson’s Disease 

 
Note. There were signficant differences between PD-NC and PD-MCI in logarithmic-
transformed total-intracranial-volume corrected white matter perivascular space volume. Box 
identifies upper quartile, median, and lower quartile. x denotes mean. 
PD-NC = Parkinson’s disease with normal cognition; PD-MCI = Parkinson’s disease with mild 
cognitive impairment; PDD = Parkinson’s disease with dementia 
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Chapter Four: General Discussion 
 

 
The primary goal of the current set of studies was to examine associations between sleep 

metrics, perivascular space volumes, and cognitive performance/status in individuals with 

Alzheimer’s disease or Parkinson’s disease. Below, I summarize the main findings, describe how 

the results contribute to current knowledge, identify some implications for intervention, and 

suggest future directions for research.    

Summary of Findings 

In Study 1, longer sleep durations but not perivascular space volumes were related to lower 

memory and executive function performance within a sample of individuals with Alzheimer’s-

related MCI and dementia.  Additionally, an interaction emerged in which longer sleep durations 

were related to lower memory performance in those who exhibited larger white matter 

perivascular space volumes, relative to those with shorter sleep durations and smaller white 

matter perivascular spaces volumes. Finally, comparisons of subgroups indicated that sleep 

durations were significantly longer in individuals with Alzheimer’s dementia than in those with 

Alzheimer’s-related MCI. 

In Study 2, neither sleep quality nor perivascular space volumes were independently 

related to memory or executive function performance within a sample of individuals with 

Parkinson’s disease. However, good sleep quality was related to small white matter perivascular 

space volumes, and the co-presence of these two factors was associated with better executive 

function abilities. Additional analyses of subgroup differences revealed that white matter 

perivascular space volumes were larger in Parkinson’s disease participants with mild cognitive 

impairment than those with no cognitive impairments, but no other group differences were 

observed.   
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In the next section I will further explore how these results fit within the broader literature 

and add to our understanding of the association between sleep, perivascular spaces, and 

cognition.  

Discussion of Primary Variables 

Sleep and Cognition 

After accounting for effects of age and education in Study 1, longer sleep durations were 

related to lower memory and executive function performance in individuals with Alzheimer’s-

related MCI and dementia, and sleep durations were longer in individuals with dementia than in 

those with MCI. This finding builds on previous research with older adults that has associated 

long sleep durations with reduced memory performance (Gildner et al., 2019) and risk of 

developing Alzheimer’s dementia (Fan et al., 2019). It also extends research on the association 

between long sleep durations and cognition (Faubel et al., 2009; Ramos et al. 2013) to 

individuals with existing cognitive/memory deficits. Although a relationship was found, 

additional research is necessary to determine the causal direction of this relationship. For 

example, it may be that longer sleep durations instigate neurodegenerative processes and 

subsequent cognitive decline; alternatively, longer sleep durations may be a compensatory 

strategy to reduce the impact of neurodegenerative disease on cognitive performance.  

Perivascular Spaces and Cognition 

The present set of studies also examined the association between perivascular spaces and 

cognitive performance, specifically memory and executive function abilities, in individuals with 

Alzheimer’s disease and Parkinson’s disease. These analyses revealed that perivascular spaces 

were not related to cognitive performance in either population and suggest that perivascular 

space enlargement may not have direct cognitive-domain implications within Alzheimer’s 
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disease and Parkinson’s disease populations. These finding were contrary to our hypotheses and 

previous research which has found associations between perivascular spaces and memory 

(Javierne-Petit et al., 2020; Valdés Hernandez et al., 2019) and executive functions (Passiak et 

al., 2019; Uiterwijk et al., 2016) in other populations, including healthy older adults and in 

individuals with cardiovascular disease. One possible reason for the cross-population 

discrepancy is that individuals with Alzheimer’s disease and Parkinson’s disease have other 

disease changes that impact cognition, which are less prominent or not present in healthy older 

adults and in individuals with cardiovascular disease. Previous research has found that 

individuals with Alzheimer’s disease and Parkinson’s disease exhibit neurotransmitter and 

cholinergic system changes which are known to impact memory and executive function abilities 

(see Calabro et al., 2020; Halliday et al., 2014, for reviews). Conversely, healthy older adults or 

those with cardiovascular disease exhibit fewer of these changes and therefore there may be 

stronger associations between cognitive performance and other biological factors such as 

perivascular space volumes. These findings indicate that cognitive abilities and perivascular 

spaces may be related when other biological system are not impacting their association but that 

this relationship is reduced (or disappears) when other disease factors are present.   

Sleep and Perivascular Spaces 

Beyond examining how sleep and perivascular spaces are related to cognitive 

performance, I also investigated whether metrics of sleep and perivascular space volumes were 

related to each other in Alzheimer’s disease and Parkinson’s disease, as this relationship has 

previously been explored only in healthy older adults and individuals with cardiovascular disease 

(Aribasini et al. 2020; Berezek et al., 2015; Del Brutto et al., 2019; Ramirez et al., 2021). These 

analyses revealed that there wasn’t a relationship between sleep durations and perivascular space 



 74 
 

volumes in individuals with Alzheimer’s-related MCI and dementia, but there was a stronger 

relationship between overall sleep quality and white matter perivascular spaces in Parkinson’s 

disease (when covariates were not included in the model). The different findings in the two 

population may be a function of the different sleep metrics examined but may also reflect 

fundamental differences in the relationship between sleep and perivascular spaces across the two 

populations. For example, it may be that sleep and perivascular spaces are not related in 

individuals with Alzheimer’s disease because there are other factors that influence these 

components in different ways in that population. Conversely, there may be fewer variables 

impacting these constructs in Parkinson’s disease, resulting in a stronger relationship between 

perivascular spaces and sleep. This interpretation has been supported by previous research 

demonstrating that sleep is impacted by a variety of factors in Alzheimer’s disease, such as 

changes to melatonin levels, cholinergic signaling, and pathology, and that sleep in Parkinson’s 

disease is related to fewer biological changes and primarily related to accumulation of Lewy 

body pathology (see Rothman & Mattson, 2012, for review).  

Interactions Between Primary Variables 

 Building on the associative relationships between sleep metrics and perivascular space 

volumes described above, I also examined the interaction between sleep metrics and perivascular 

spaces on cognitive performance in Studies 1 and 2. In individuals with Alzheimer’s-related 

MCI and dementia, I examined the interaction of sleep duration and perivascular spaces on 

cognitive performance, and in individuals with Parkinson’s disease I examined the interaction of 

sleep quality and perivascular space on cognitive performance. In individuals with Alzheimer’s 

disease (Study 1), the interaction of larger white matter perivascular space volumes and longer 

sleep durations were related to reduced memory abilities; whereas in the sample of individuals 
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with Parkinson’s disease (Study 2), the interaction of smaller white matter perivascular spaces 

volumes and good sleep quality was related to better executive function abilities. Thus, in 

individuals with Alzheimer’s disease, the ‘unfavourable’ factors (i.e., the combination of long 

sleep and large perivascular spaces) were associated with reduced cognition and were 

deleterious, and in Parkinson’s disease, the ‘favourable’ factors (i.e., the combination of good 

sleep quality and small perivascular spaces) were associated with advantageous cognitive 

outcomes and may be protective.  

Interpreting this pattern of results in the context of the association between perivascular 

spaces and sleep may indicate that in Alzheimer’s disease, long sleep durations may be indirectly 

amplifying the negative effect of perivascular space enlargement on memory through 

inflammation, poorer amyloid clearance, or an unknown mechanism (Darweesh et al., 2018; 

Irwin et al., 2016; Prather et al., 2015; Wuerfel et al., 2008). Conversely, in Parkinson’s disease 

(where there is a significant isolated association between sleep quality and perivascular spaces) it 

may be that good sleep quality may be increasing perivascular-related glymphatic clearance, 

which results in reduced perivascular space volumes and, ultimately, better cognitive abilities. 

Although these interpretations are plausible, more research is needed to understand the 

directionality of the relationship between these variables and to replicate the current results as 

the interactions in both studies were small in magnitude and may not be replicable. 

In addition to the above interpretation, it should be noted that these interactions (between 

sleep metrics and perivascular spaces) were related only to the cognitive domain most commonly 

impaired in the respective populations (Emre et al., 2003; Loewenstein et al., 2004; Weintraub et 

al., 2012). More specifically, the interaction of sleep and perivascular space volumes was related 

to memory in individuals with Alzheimer’s disease and to executive functions in individuals with 
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Parkinson’s disease.  The different cognitive domains implicated in the two populations may 

suggest that the associative relationships may be occurring due to relationships with disease 

pathology. Previous research has found that Alzheimer’s disease pathology preferentially affects 

memory circuits (Jahn et al., 2013), whereas pathology related to Parkinson’s disease most 

commonly results in changes to executive functions (Foltynie et al., 2004; Muslimovic et al., 

2005). Additionally, markers of these pathologies have also been related to sleep (Louis et al., 

2017; Sanchez-Espinosa et al, 2014; Shokri-Kojori et al., 2018) and are likely related to 

perivascular spaces (Brown et al., 2018; Charidimou et al., 2013). Thus, the associative 

interaction between sleep and perivascular spaces on cognition in each population examined may 

be a function of disease-specific pathology affecting all these factors. Future studies addressing 

this possible interpretation are outlined later in this section.  

Relation to Cognitive Status Categories 

In addition to the associative and interaction analyses, I also examined the relationship 

between perivascular spaces and cognitive status grouping in Studies 1 and 2. When comparing 

volumetric differences between Parkinson’s disease participants with unimpaired cognition 

versus those with MCI, it was observed that individuals with MCI exhibited larger white matter 

perivascular spaces than those with unimpaired cognition. This finding is consistent with 

previous case-control research that found that white matter perivascular spaces were larger in 

individuals with Alzheimer’s-related MCI than in healthy controls (Sepehrband et al., 2021), and 

may suggest that changes to white matter perivascular space volumes are related to early 

cognitive decline.  

In addition to these analyses, I also examined perivascular space volume differences 

between participants with MCI and dementia in Studies 1 and 2. In both disease groups, there 
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were no significant volumetric differences between participants with MCI versus those with 

dementia. These findings contrast with previous research that has found a higher frequency of 

enlarged whole brain perivascular spaces in individuals with dementia than in those with MCI 

(Chen et al., 2011), but aligned with research examining white matter perivascular spaces in 

Alzheimer’s-related MCI and dementia (Jeong et al. 2015). Therefore, it may be that 

perivascular spaces in the white matter do not enlarge further in later disease stages, but that 

perivascular spaces in other regions in the brain continue to enlarge with disease progression. 

Additional research examining perivascular spaces in different brain regions may be necessary to 

replicate these white matter disease findings and to resolve discrepancies in the literature 

regarding region-specific changes. These additional studies would also add to emerging literature 

examining the relationship between perivascular spaces and cognition in later disease stages - a 

pursuit that has been examined only in the two aforementioned Alzheimer’s disease studies 

(Chen et al., 2011; Jeong et al. 2015) and in no other studies in Parkinson’s disease.   

Use of Specific Metrics 

In addition to discussing specific findings from Studies 1 and 2, it is also important to 

highlight data trends in these studies because it may influence the metrics that are examined in 

future research. For example, although we examined white matter and basal ganglia perivascular 

spaces in Studies 1 and 2, we observed significant findings only when examining white matter 

perivascular spaces; no significant findings were observed when basal ganglia perivascular 

spaces volumes were examined. These findings were expected in Alzheimer’s disease as much 

of the literature has suggested that there is prominent impact on white matter perivascular spaces 

in this population (Smeijer et al., 2019), but it was surprising considering the limited Parkinson’s 

disease literature. That research has primarily focused on changes to the basal ganglia 
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perivascular spaces rather than white matter perivascular spaces, with some studies even 

excluding white matter perivascular spaces from their analyses (Chen et al., 2021; Shen et al., 

2021). Thus, our findings involving white matter perivascular spaces make an important 

contribution to the existing literature and suggest that future studies on perivascular spaces in 

individuals with Parkinson’s disease should include the examination of white matter perivascular 

spaces. 

It is also important to discuss the different sleep metrics examined in the two studies. In 

the study on individuals with Alzheimer’s disease we examined sleep duration, and in the study 

on individuals with Parkinson’s disease we examined sleep quality. Sleep duration was selected 

as a variable in the Alzheimer’s disease group because this sleep metric has been associated with 

Alzheimer’s disease-related processes (Akiyama et al., 2000; Westwood et al., 2017), such as 

inflammation (Dowd et al., 2011; Irwin et al., 2016; Patel et al., 2009), and has been associated 

with the slow wave sleep disruption observed in Alzheimer’s disease (Moran et al., 2005). 

Examining a single sleep metric was advantageous as it facilitated the exploration of whether a 

single change to one’s sleep habits is related to biological and cognitive changes. This metric 

(sleep duration) was not examined in the study on individuals with Parkinson’s disease because 

long sleep durations are not observed in this population, nor is it a risk factor for disease 

development (Peeraully et al., 2012). Thus, we examined sleep quality as it reflects the broad 

range of sleep difficulties observed in Parkinson’s disease and is related to disease-specific 

changes such as Lewy body formation (Comella, 2007; Rothman & Mattson, 2012). Therefore, 

the metrics examined in the two studies differed to reflect the sleep changes observed in the two 

diseases, the scope of sleep changes being examined (i.e., specific or broad), and whether these 

sleep metrics are related to biological changes in the respective diseases. 
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Implications for Interventions 

Although I examined associations rather than causal relationships, the present findings 

suggest that cognitive functions in Parkinson’s and Alzheimer’s diseases may be impacted by 

metrics of sleep and processes that result in enlarged perivascular spaces. Given this possibility, 

interventions that specifically target these factors may positively impact cognition. Below, I will 

outline possible interventions that may help preserve cognitive functioning in individuals with 

neurodegenerative disease.  

If indeed increased sleep leads to poorer cognition in Alzheimer’s disease (and not the 

other way around), then one possible intervention that could be used to prevent or slow cognitive 

decline in Alzheimer’s disease would be to decrease sleep durations from long to optimal length 

(6-8 hrs). There are a few ways this can be accomplished. Firstly, it may be beneficial to target 

variables that may be contributing to prolonged sleep, such as chronic inflammation (Irwin et al., 

2016; Prather et al., 2015), and depression symptomatology (Diniz et al., 2013; Zhai et al., 

2015). This can be accomplished through psychotherapy interventions that target depression or 

nutritional interventions that aim to reduce inflammation. Alternatively, this may be 

accomplished by increasing time spent in slow wave sleep stages as it believed that longer sleep 

durations result from disruption of slow wave sleep processes, such as glymphatic clearance 

(Ramirez et al., 2021). Thus, interventions that increase time spent in slow wave sleep may 

increase glymphatic clearance, shorten sleep durations, and possibly improve memory abilities. 

There are two methods, closed-loop acoustic stimulation (Wunderlin et al., 2020) and 

transcranial magnetic and electrical stimulation (Huber et al., 2007; Massimini et al., 2007), that 

have been used to accomplish this.  
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Unfortunately, each of these methods has significant caveats. Closed loop acoustic 

stimulation (i.e., repeated exposure to click sounds and short tones in phase with wave activity) 

has been shown to increase wave amplitudes and boost spindle activity (Ngo et al., 2013), but the 

effect of this intervention on cognition has been mixed. Some studies have found that this 

method improves overnight memory retention (Ngo et al., 2013; 2015; Ong et al., 2016), but this 

effect is not consistently found when there are minor protocol modifications (Weigenand et al., 

2016). Additionally, transcranial electrical stimulation has been shown to induce slow wave 

sleep that is indistinguishable from natural sleep (Massimini et al., 2007), but little is known 

about the unintended short- and long-term side effects of this intervention (Bellesi et al., 2014). 

Therefore, the risks of implementing this method into general population use are still unknown.  

Exercise is another intervention that has been shown to improve subjective sleep quality 

(Kelley & Kelley, 2017) and may preserve cognitive abilities by improving vascular functioning 

(for review, see Barnes & Corkery, 2018; Valenzuela et al., 2020). Previous research has found 

that physical activity in adults is related to markers of good vascular functioning, such as 

reduced age-related arterial stiffness (Vaitkevicius et al., 1993) and endothelium-dependent 

vasodilation (DeSouza et al., 2000) as well as reduced vascular pathology (Torres et al., 2015) 

and better cognitive abilities (Kirk-Sanchez & McGough, 2014). Therefore, exercise may have a 

modest positive impact on cognition by not only improving sleep but also decreasing 

perivascular space/vascular burden and preventing build-up of vasculopathology.  

Future Directions 

Although our understanding of the relationship between sleep and cognition in 

neurodegenerative disease populations has increased over the past few decades, little is known 

about the role of perivascular spaces in these important functions. To date, there has been limited 
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research to understand the clinical impact of perivascular spaces. A meta-analysis by Francis and 

colleagues in 2019 found only 116 publications on perivascular spaces (in general), and only a 

handful of these publications examined the association of perivascular spaces with sleep and/or 

cognition. Therefore, there are opportunities for additional research to further elucidate the 

relationship between perivascular spaces, sleep, and cognition. A few of these opportunities are 

discussed below.   

First, there is an opportunity to better understand the causal relationship between sleep 

disruption, perivascular space enlargement, and cognitive decline. Although the present study 

examined sleep and perivascular spaces in individuals with cognitive impairment, the present 

analyses were limited as they only examined cross-sectional as opposed to longitudinal 

relationships between these constructs. Thus, we were unable to determine the temporal order of 

these changes. Longitudinal human studies are needed to examine whether changes to 

perivascular spaces occur before or after sleep disruption, and whether cognitive decline occurs 

before or after perivascular space enlargement. This will allow us to determine whether lifestyle 

and biological factors, such as sleep and perivascular spaces, can be targeted for preservation of 

cognitive functioning, or whether changes to these factors are merely by-products of disease.  

Second, replicating the present study with additional metrics of sleep would support the 

reliability of the findings. Considering that the present studies examined sleep with a subjective 

measure only, rather than both subjective and objective measures, and one of the studies 

examined sleep duration using a single item on a single questionnaire, additional studies using 

other sleep metrics would help validate the present findings and ensure that they are not due to 

idiosyncrasies of any particular measurement. Future studies using additional subjective sleep 

measures would support replicability and robustness of the present findings, and studies using 
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objective measures of sleep, including actigraphy and polysomnography methods, would ensure 

that the results can be generalized across modalities.  

Third, additional studies are needed to examine whether sleep, perivascular spaces, and 

cognition are related to neurodegenerative disease pathology. Although we understand that 

perivascular space enlargement, sleep changes, and impaired cognition are frequently observed 

in neurodegenerative conditions, less is known about the relationship between these variables 

and neurodegenerative disease pathology. Therefore, additional research is needed to understand 

whether there is overlapping variance between these variables and neurodegenerative disease 

pathology and determine whether such pathology accounts for relationships between these 

variables. This can be accomplished by relating positron emission topography-confirmed 

deposits of amyloid or Lewy bodies with structural examinations of perivascular spaces, 

subjective and objective sleep (specifically sleep duration and quality), and measures of 

cognition (specifically memory and executive functions).  

Final Thoughts 

Understanding the factors that contribute to cognitive impairment in individuals with 

Alzheimer’s disease and Parkinson’s disease may assist us in designing interventions to slow 

cognitive progression. Through this work, I have demonstrated that two variables, sleep and 

perivascular spaces, have a complex relationship with cognition in Alzheimer’s disease and 

Parkinson’s disease. These findings substantiate the need for additional research in this emerging 

field, particularly longitudinal research that will help discern the causal relationship between 

these components. 
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Appendices 
Appendix A: MRI Parameters
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Note. OBI: Ontario Brain Institute, ONDRI: Ontario Neurodegenerative Disease Research 
Initiative, 3D: three-dimensional, T1: longitudinal relaxation time, T2: transverse relaxation 
time, PD: proton density, FAST SPGR: gradient recalled echo sequence, TE: time to echo, TR: 
repetition time, TI: inversion time, FOV: field of view, NEX: number of excitations, HNS: head, 
neck, spine 
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Appendix B: Basal Ganglia Perivascular Space Analysis in Alzheimer’s disease 

 
Basal ganglia perivascular spaces volumes did not significantly correlate with sleep 

duration, r(124) = -.01, p = .91, even when covariates related to basal ganglia perivascular space 

volume were included in the model, rp(115) = -.04, p = .64. 

Memory was not related to basal ganglia perivascular space volumes, r(123) = .056, p = 

.27. Sleep duration and enlarged basal ganglia perivascular space volumes accounted for 4.6% of 

memory performance variability after controlling for covariates, F(2,120) = 3.54, p = .03. Sleep 

duration, standardized β = -.19, p = .02, but not basal ganglia perivascular space volumes, 

standardized β = .09, p =.25, made a significant contribution to the model. Moderation analysis 

revealed that basal ganglia perivascular space volumes did not moderate the relationship between 

sleep duration and memory, F(1,117) = .014, r2 = .00, p  = .91.  

Executive function performance was not significantly related to basal ganglia 

perivascular space volumes, r(124) = -.031, p = .37. Sleep duration and basal ganglia 

perivascular space volumes accounted for 5.9% of executive function performance variability 

after controlling for covariates, F(2,120) = 4.49, p = .01. Sleep duration, standardized β = -.25, p 

< .01, but not basal ganglia perivascular space volumes, standardized β < .01, p =.99, made a 

significant contribution to the model. Moderation analysis revealed that basal ganglia 

perivascular space volumes did not moderate the relationship between sleep duration and 

executive function, F(1,119) = .024, r2 < .01, p  = .88. 

There was no significant effect of cognitive classification on basal ganglia perivascular 

space volumes, t(118) = .57, p = .57, d  = .11.  
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Appendix C: Pittsburgh Sleep Quality Index (PSQI) 

 
Instructions: The following questions relate to your usual sleep habits during the past month 
only. Your answers should indicate the most accurate reply for the majority of days and nights 
in the past month. Please answer all questions. 

1. During the past month, what time have you usually gone to bed at night?  
_________________________ 

2. During the past month, how long (in minutes) has it usually taken you to fall asleep each 
night? 
 _________________________ 
During the past month, what time have you usually gotten up in the morning? 
_________________________ 

3. During the past month, how many hours of actual sleep did you get at night? (This may be 

different than the number of hours you spent in bed.)  _______ 

 
5. During the past month, how often 
have you had trouble sleeping because 
you… 

Not during 
the past 
month 

Less 
than 

once a 
week 

Once or 
twice a 
week 

Three or 
more times 
a week 

a. Cannot get to sleep within 30 
minutes 

    

b. Wake up in the middle of the night 
or early morning 

    

c. Have to get up to use the bathroom     
d. Cannot breathe comfortably     
e. Cough or snore loudly     
f.  Feel too cold     
g. Feel too hot     
h. Have bad dreams     
i.  Have pain     
j.  Other reason(s), please describe:     

6. During the past month, how often 
have you taken medicine to help you 
sleep (prescribed or 
“over the counter”)? 

    

7. During the past month, how often 
have you had trouble staying awake 
while driving, eating meals, or 
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engaging in social activity? 

 No problem 
at all 

Only a 
very 
slight 

problem 

Somewhat 
of a 

problem 

A very big 
problem 

8. During the past month, how much of 
a problem has it been for you to keep 
up enough enthusiasm to get things 
done? 

    

 Very good Fairly 
good 

Fairly 
bad 

Very bad 

9. During the past month, how would 
you rate your sleep quality overall? 

    

 No bed 
Partner or 
roommate 

Partner/ 
roomate 
in 
other 
room 

Partner in 
same room 
but not 
same bed 

Partner in 
same bed 

10. Do you have a bed partner or 
room mate? 

    

    Not 
during 
the past 
 month 

Less than 
once a 
week 

Once or 
twice a 
week 

Three or 
more times 
a week 

If you have a room mate or bed 
partner, ask him/her how often in the 
past month you have 
had: 

    

a. Loud snoring     
b. Long pauses between breaths while 
asleep 

    

c. Legs twitching or jerking while 
you sleep 

    

d. Episodes of disorientation or 
confusion during sleep 

    

e. Other restlessness while you sleep, 
please describe: 
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Scoring the PSQI 

The order of the PSQI items has been modified from the original order in 
order to fit the first 9 items (which are the only items that contribute to the total 
score) on a single page. Item 10, which is the second page of the scale, does not 
contribute to the PSQI score. 

 
In scoring the PSQI, seven component scores are derived, each scored 0 (no 

difficulty) to 3 (severe difficulty). The component scores are summed to produce a 
global score (range 0 to 21). Higher scores indicate worse sleep quality. 

 
Component 1: Subjective sleep quality—question 9  

 Response to Q9 Component 1 score  
 Very good  0 

Fairly good 1 
Fairly bad 2 
Very bad 3 

 
Component 1 Score: _____ 
 

Component 2: Sleep latency—questions 2 and 5a 
 

Response to Q2 Component 2/Q2 subscore 
 
< 15 minutes 0 
16-30 minutes 1 
31-60 minutes 2 
> 60 minutes 3 

Response to Q5aComponent 2/Q5a subscore  

Not during past month  0 
Less than once a week 1 
Once or twice a week 2 
Three or more times a week 3 

 
Sum of Q2 and Q5a subscores Component 2 score 
 
0 0 
1-2 1 
3-4 2 
5-6 3 

 
Component 2 score: _______ 
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Component 3: Sleep duration—question 4 
 
Response to Q4 Component 3 score 
> 7 hours 0 
6-7 hours 1 
5-6 hours 2 
< 5 hours            3 
 
Component 3 score: ______________ 

 
Component 4: Sleep efficiency—questions 1, 3, and 4 

Sleep efficiency = (# hours slept/# hours inbed) X 100%    
# hours slept—question 4 
# hours in bed—calculated from responses to questions 1 and 3  

 
Sleep efficiency Component 4 score 
 

> 85% 0 
75-84% 1 
65-74% 2 
< 65% 3 

 
Component 4 score: _______ 

 
Component 5: Sleep disturbance—questions 5b-5j  

Questions 5b to 5j should be scored as follows: 
     
Not during past month                  0 
Less than once a week 1 
Once or twice a week 2 
Three or more times a week 3 

 
Sum of 5b to 5j scores Component 5 score 
0 0 
1-9 1 
10-18 2 
19-27            3 
 
Component 5 score: _____ 

 
 

Component 6: Use of sleep medication—question 6 
 

Response to Q6.            Component 6 score 
Not during past month 0 
Less than once a week 1 
Once or twice a week 2 
Three or more times a week 3 
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  Component 6 score: ______ 
 
 

Component 7: Daytime dysfunction questions 7 and 8  
 

Response to Q7  - Component 7/Q7 subscore Not during past month
             0 
Less than once a week 1 
Once or twice a week 2 
Three or more times a week 3 

 Response to Q8 - Component 7/Q8 subscore No problem at all             
0 
Only a very slight problem 1 
Somewhat of a problem 2 
A very big problem 3 

 
Sum of Q7 and Q8 subscores - Component 7 score 
0 0 
1-2 1 
3-4 2 
5-6 3 

 
  Component 7 score: _____ 

 
 
Global PSQI Score: Sum of seven component scores:____  


