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Abstract 

 Both disrupted sleep, and cognitive impairment are common, burdensome, 

non-motor symptoms in Parkinson’s disease (PD). In otherwise healthy individuals, 

there is substantial evidence that chronic sleep debt, fragmented sleep, and 

insufficient ‘deep’ sleep have deleterious effects on neuropsychological function. In 

PD, the relationships between poor sleep and cognition are less well-understood. The 

pathology of PD is likely to impact both sleep and cognition directly; however, 

evidence from the sleep medicine literature suggests that chronic sleep disturbance 

may increase the cognitive burden in this population.   

Chapter 1 describes the characteristics of sleep disturbance in PD and outlines 

the mechanisms by which sleep disturbance perturbs cognition. Four research studies 

(Chapters 2, 4, 5 and 6) explore the association between disrupted sleep and 

cognition, using 3 different approaches: synthesising the existing literature; 

modelling subjectively measured sleep symptoms and neuropsychological 

performance; and, finally, by comparing how indices of objective sleep quality 

predict neuropsychological performance in individuals with and without PD. Chapter 

3 describes detailed methodology for each study and the overall findings are 

discussed in Chapter 7.    

 Study 1 (Chapter 2) reviewed and meta-analysed existing studies that had 

examined the relationship between sleep and cognition in PD. Cognitive data were 

meta-analysed into specific, theoretically driven domains. Poor sleep was associated 

with poorer global cognitive function, long-term verbal recall, long-term verbal 

recognition, and all executive function (EF) sub-domains excepting inhibition. Post-

hoc analyses suggested the only factor inhibiting the chances of finding an effect in 

the included studies was the use of insensitive neuropsychological tests. Moreover, a 
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paucity of data on the effects of sleep disorder or disruption beyond REM Sleep 

Behaviour Disorder (RBD) was noted as a key knowledge deficit within the field. 

     Study 2 (Chapter 4), examines the factor structure of the Parkinson’s 

Disease Sleep Scale-Revised (PDSS-R). Questionnaire items often simultaneously 

measure multiple constructs; a concept known as ‘construct relevant 

multidimensionality’. This study tested the hypothesis that a multidimensional 

measurement model would best fit PDSS-R data. Indeed, of three models tested, 

only the multidimensional model had acceptable model fit. Posthoc analyses 

demonstrated that factors were differentially associated with age, personality and 

mood. This suggests: i) that the PDSS scales measure multiple constructs; therefore, 

ii) it is risky to use total scores for these questionnaires, as the differential influence 

of patient characteristics must be accounted for in analyses.   

 Study 3 (Chapter 5) employed single and multi-group path analysis to model 

the relationships between participant and PD variables; factor scores derived from 

our bifactor analysis of the PDSS-R; and, measures of memory and executive 

function. Higher scores on the general sleep disturbance factor predicted better 

verbal recall in younger-onset PD and poorer visual recognition memory in older-

onset PD. More severe insomnia predicted better verbal recall in younger-onset PD, 

better verbal fluency in both groups and poorer spatial working memory (SWM) in 

older-onset PD. Increased OSA and RBD symptoms predicted poorer visual 

recognition memory and SWM in younger-onset PD. The relationships between 

participant variables, sleep, and cognition were markedly different in younger and 

older-onset PD such that effects were reduced or suppressed in single-sample 

analyses. Path analysis is a useful tool for visualising complex relationships, but 

objective sleep data are needed more accurately to measure sleep.      
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 Study 4 (Chapter 6) examined whether objective indices of sleep quality 

derived from polysomnography (PSG) predicted memory and EF. A sample of 

individuals with PD, and healthy controls, individually case-matched for age, sex 

and years of education (N=40) underwent a single night of home-based PSG and 

neuropsychological assessment. A series of moderated regressions was conducted to 

determine whether indices of sleep disruption predict cognition equally in 

individuals with, and without PD. We hypothesised that indices of poor sleep would 

be stronger predictors of cognition in PD than in controls. However, relationships 

between sleep metrics and cognition differed markedly from prediction, both in 

strength and in direction. Measures typically associated with poorer sleep (e.g. 

shorter total sleep time and longer wake after sleep onset, more N2, more respiratory 

arousals) predicted better cognition in PD and poorer cognition in controls. Many 

effects may be attributed to degeneration of structures responsible for sleep 

regulation; however, it will be important to examine sleep microarchitecture and 

longitudinal sleep data to delineate the underlying mechanisms of ostensibly ‘non-

restorative’ sleep in PD.  

 The final chapter of the thesis, Chapter 7, engages with the clinical and 

theoretical implications of these studies. The strengths, limitations and contribution 

to the field are discussed in detail. Finally, considerations for further research are 

proposed. 
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CHAPTER 1: GENERAL INTRODUCTION 

Sleep Disruption and Cognitive Dysfunction in Parkinson’s Disease: Does 

Sleep Disturbance Exacerbate Cognitive Symptoms? 

Parkinson’s disease (PD) is a progressive neurodegenerative disease affecting 

approximately 1%  of older adults (≥ 60 years) in industrialised countries and is the 

second most common cause of neurodegeneration (following Alzheimer’s disease) 

(de Lau & Breteler, 2006). The cardinal symptoms of PD are tremor, bradykinesia, 

and rigidity (Gelb, Oliver, & Gilman, 1999), resulting primarily from considerable 

loss of dopaminergic neurons within the substantia nigra pars compacta (Chaudhuri, 

Healy, & Schapira, 2006; Chaudhuri, Yates, & Martinez-Martin, 2005). There is 

substantial heterogeneity in the clinical presentation of PD, such that it is now 

accepted that patients can be classified into at least two subtypes (Marras & Lang, 

2013). Empirical subtyping, in which patients are classified based on specific clinical 

features, such as the nature of motor symptoms or the patient’s age at which PD 

developed, is the most widespread practice (Thenganatt & Jankovic, 2014). 

Exploration of empirical subtypes has revealed that individuals with tremor 

dominant motor symptoms and those with younger-onset PD (< 60 years) tend to 

have slower disease progression and infrequent cognitive decline: the opposite 

profile is seen in individuals with mainly non-tremulous motor symptoms or older-

onset PD (Thenganatt & Jankovic, 2014; van Rooden et al., 2010).  The mainstay of 

PD treatment is dopaminergic therapy, which is effective in alleviating the motor 

symptoms of the disease (Dauer & Przedborski, 2003).  

While PD has traditionally been conceptualised as a movement disorder, a 

myriad of non-motor symptoms (NMS) are common; and can broadly be categorised 

as neuropsychiatric symptoms (i.e. depression, anxiety, apathy, and impulse control 
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disorders); dysautonomic symptoms (including orthostatic hypotension, constipation, 

and sexual dysfunction); cognitive symptoms (particularly in the domains of 

executive function and memory); and sleep symptoms (with manifestations ranging 

from an increased propensity to primary sleep disorders; poor quality sleep 

secondary to PD symptoms and/or medication; to deviation from typical patterns of 

sleep architecture; Diederich & McIntyre, 2012) (Bassetti, 2011).  

Whereas motor symptoms are responsive to dopaminergic treatments, the 

aetiology of most NMS are currently less well-understood; consequently, NMS are 

more difficult to manage (Chaudhuri & Schapira, 2009; Jellinger, 2012). Non-motor 

symptoms may impact health-related quality of life (HRQoL) to a similar degree as 

motor symptoms, (Breen & Drutyte, 2013; Forsaa, Larsen, Wentzel-Larsen, 

Herlofson, & Alves, 2008; Rahman, Griffin, Quinn, & Jahanshahi, 2008). As PD 

progresses, people tend to experience a greater number of NMS, with increasing 

severity (Barone et al., 2009).  

Cognitive symptoms are an important determinant of HRQoL (Schrag, 

Jahanshahi, & Quinn, 2000), and activities of daily living are affected even when 

global cognitive impairment is subtle (Leroi, McDonald, Pantula, & Harbishettar, 

2012). Moreover, specific cognitive deficits (visual memory and verbal fluency) in 

mild to moderate PD are associated with poorer functional outcomes, as measured by 

activities of daily living (Muslimovic, Post, Speelman, & Schmand, 2005; Uc et al., 

2005).  

In the sleep medicine and psychology literatures, there is insurmountable 

evidence that sleep disruption directly impacts cognition in healthy people. Could 

sleep symptoms be one of the mechanisms by which cognition is affected in PD? 
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Morphology and Regulation of Sleep 

Sleep is divided into two states; non-rapid eye movement (NREM) and rapid 

eye movement (REM). NREM is further divided into three stages; N1, N2, and N3, 

with each stage corresponding to the relative depth of sleep (Carskadon & Dement, 

2011). N1 typically marks the transition into sleep and is characterised by a low 

arousal threshold and high frequency, low amplitude electroencephalogram (EEG) 

(Avidan, 2013). By contrast, stage N3 or slow wave sleep (SWS) has a much higher 

arousal threshold, and low frequency, high amplitude EEG (Kalia, 2006). The shift 

into stage N2 from N1 is distinguished by the appearance of sleep spindles; short 

bursts of high-frequency (12-14 Hz) EEG waveforms, and K-complexes; a sharp 

negative deflection in the EEG signal, followed by a slower positive deflection 

(Malhotra & Avidan, 2013).  

A typical sleep period begins with one cycle of NREM, in which an 

individual will progress consecutively through stages N1, N2, and N3, and will then 

enter REM. This cycle of NREM followed by REM alternates throughout the night 

(Carskadon & Dement, 2011). On average the first period of REM occurs 

approximately 90-120 minutes following sleep onset; this episode tends to be brief, 

with subsequent REM periods increasing in duration (Carskadon & Dement, 2011). 

The inverse applies to N3 (SWS); early SWS cycles are long and become shorter in 

later sleep cycles (Malhotra & Avidan, 2013). The net effect of this phenomenon is 

that early sleep is rich in SWS whilst most REM is obtained in the second half of the 

sleep period (Pace-Schott & Hobson, 2002). 

Sleep changes in healthy ageing. In general, healthy young adults sleep for 

approximately 8 hours per night. Seventy-five to 80% of total sleep time (TST) is 

spent in non-REM, 13-23% of TST is SWS, and 20-25% TST is REM (Carskadon & 
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Dement, 2011). A number of studies have now tried to quantify the ways that sleep 

changes as a function of aging. A meta-analysis by Ohayon, Carskadon, 

Guilleminault, and Vitiello, (2004) reported that TST decreases with age, becoming 

approximately 10 minutes shorter with each decade of life. Similarly, the proportion 

of SWS decreases in this fashion, at a rate of around 3% per decade. The proportion 

of REM tends not to change in such a linear way; rather, those over the age of 60 

years obtain approximately 4% less REM than those under the age of 60 years. As 

people get older, they also experience more time awake, after initially falling asleep 

(wake after sleep onset; WASO), at a rate of about 10 minutes per decade of life; 

from the age of 30 years.  

Regulation of Sleep. A complex system of neural networks controls the 

boundaries of sleep states; transitions from wake into sleep; the descent through the 

stages of NREM, and the switch from NREM into REM (Pace-Schott & Hobson, 

2002).  

Wakefulness is stimulated and maintained by the ascending arousal system: 

collectively; the noradrenergic locus coeruleus (LC); the cholinergic 

pedunculopontine and laterodorsal tegmental (PPN/LDN) nuclei; the serotonergic 

dorsal raphe nucleus (DR); the dopaminergic ventral periaqueductal grey matter 

(vPAG)(Siegel, 2013). The lateral hypothalamus secretes hypocretin, and the 

tuberomammillary nucleus (TMN) is the source of histamine within the CNS (Fuller, 

Gooley, & Saper, 2006; Pace-Schott & Hobson, 2002).   

Essentially, the ‘structure’ of sleep arises from a series of opposing, mutually 

inhibitory systems. Opposing the ascending arousal system and promoting sleep is 

the ventrolateral preoptic nucleus (VLPO). The VLPO projects to the LC, the TMN 

and the DR, and is populated by GABA and galanin neurones; these fire during sleep 



Sleep and Cognition in Parkinson’s Disease  5 

 

and inhibit wakefulness (Fuller et al., 2006). The mechanisms underlying the 

mutually inhibitory relationship between REM and NREM were elucidated by 

McCarley and Massaquoi, (1992): the release of monoamines and acetylcholine, 

effectively form the ‘switch’ to and from NREM to REM. Monoaminergic (MA) 

neurones (specifically; noradrenaline, dopamine, histamine), are typically 

synchronous throughout the sleep-wake cycle. Monoamine activity peaks during 

wake, declines with NREM progression and practically ceases during REM. As MA 

activity approaches its nadir toward the end of the NREM cycle, MA activity falls 

below the threshold where ACh activity is inhibited. As activity increases within the 

PPN and LDN, and ACh is released, the ‘REM-off’ switch is disconnected, and a 

positive feedback loop activates the reticular formation, initiating the skeletal muscle 

atonia that characterises REM (Kalia, 2006; Merica & Fortune, 2004). 

Sleep in Parkinson’s Disease 

Sleep disruption is one of the most prevalent non-motor symptoms of PD; with 

between 60% and 98% of patients experiencing disrupted sleep (Adler & Thorpy, 

2005; Comella, 2007), and one-third of patients rating sleep problems as moderate to 

severe (Tandberg, Larsen, & Karlsen, 1998). Although it is natural for sleep quality 

to decline with age, people with PD typically have poorer sleep than their 

neurologically healthy counterparts (Bassetti, 2011; Dhawan et al., 2006; Ferreira et 

al., 2006; Zoccolella et al., 2011).    

Mechanisms of Sleep Disruption in PD. The regulation of sleep is intricate; 

structures integral to these processes may be affected very early in the course of PD. 

The Braak staging schema postulates that the pathology of PD does not begin in the 

basal ganglia; instead, the vagal nerve or olfactory bulb is first affected (Stage 1, or 

approximately 20 years before motor symptom onset). The second stage 
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(approximately 10 years prior to motor symptom onset), involves ascending 

pathology, where α-syneuclein deposits invade MA structures, integral for the 

maintenance of NREM, such as the great raphe nucleus and the LC; ACh is also 

affected via the pontine tegmentum (which includes the PPN; the REM ‘on’ switch); 

and compromising the medulla oblongata and the reticular formation (which together 

are responsible for maintaining skeletal muscle atonia during REM) (Braak et al., 

2006; Hawkes, Del Tredici, & Braak, 2010). If we assume that PD progresses in this 

manner; given the substantial involvement of structures integral for generation and 

regulation of sleep states; the restorative processes of sleep are likely to have been 

disrupted for a significant period, even at the point of diagnosis. 

Autopsy and retrospective chart review methods have demonstrated the 

devolution of sleep in end-stage PD. For example, Kalaitzakis, Gentleman, and 

Pearce, (2013) reported that sleep tends to become extremely disturbed in the period 

immediately preceding death in PD. Concomitant with clinical observations, 

individuals with ‘marked sleep disturbance’ tended also to have greater tau, amyloid 

and α-synuclein load in the locus coeruleus and raphe nuclei, hypothalamus, 

subcortical/limbic, thalamus, and cortical regions. However, these results were found 

via autopsy and retrospective chart review (in many cases, the actual description of 

the nature of sleep disturbance is minimal) (Kalaitzakis, Gentleman, and Pearce, 

2013). Far less is known, for instance, about how neurotransmitter imbalance may 

disrupt sleep, how sleep disturbance evolves through the prodromal and early stages 

of PD, and how it differs in early and late-onset PD. Traditionally, dopamine has 

been considered an ‘activating’ neurotransmitter, associated with maintaining 

arousal: there is currently debate about the significance of dopaminergic tone in 

REM regulation (Lima, 2013).  
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Primary Sleep Disruption. 

Changes to Sleep Architecture. In very early PD, changes to sleep 

architecture can already be observed. Wetter et al. (2001) examined newly-diagnosed 

people with PD, prior to commencing medication, in comparison with age-matched 

controls to determine whether there were qualitative differences in REM. They 

reported an increase in EEG frequency during REM in PD or ‘alpha intrusion’. The 

authors ascribed this phenomenon to degeneration within brainstem structures that 

generate REM, ultimately weakening the inhibitory effect exerted by ACh in order to 

maintain REM.   

 Even though sleep symptoms frequently manifest early; as PD progresses, 

sleep quality deteriorates. Diederich, Vaillant, Mancuso, Lyen, and, Tiete, (2005) 

demonstrated this principle empirically by examining the relationship between 

disease duration and PSG defined sleep parameters. As disease duration increased, 

SOL also increased; SE decreased; TST decreased; SWS decreased, and REM 

decreased. Diederich et al. (2005) describe these substantial decrements in both 

quantity and quality of sleep, as ‘progressive sleep ‘destructuring’’. Sleep 

destructuring is a phenomenon dependent on disease duration; not predicted by the 

severity of motor symptoms nor the effects of medication. 

Very early studies that used polysomnography to compare sleep architecture 

in PD and healthy older adults documented reduced SWS; proportionally more sleep 

time spent in stages N1 and N2; fewer rapid eye movements; and, more fragmented 

sleep in PD (Apps, Sheaff, Ingram, Kennard, & Empey, 1985). The majority of 

recent research replicates these early findings, with minor variations between studies. 

For example, when comparing 46 people with PD with 30 age-matched healthy 

controls, Shpirer et al. (2006) reported that individuals with PD had shorter TST, 
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lower SE, more N2 and less REM. There were no group differences in SWS. 

Similarly, Yong, Fook-Chong, Pavanni, Lim, and, Tan, (2011) compared 56 PD 

patients and 68 age and sex-matched healthy controls. In PD, there was more N1, 

less REM, lower SE and longer REM latency, but no between-groups differences on 

any other measures.   

Whilst sleep disturbance is near universal in neurodegenerative disease, an 

exposition of the ways in which sleep is affected in conditions other than PD is 

beyond the scope of this thesis: for comparative reviews, please see Petit, Gagnon, 

Fantini, Ferini-Strambi, and Montplaisir, (2004) and Zhong, Naismith, Rogers, and 

Lewis, (2011). 

Common Sleep Disorders in PD. 

REM Sleep Behaviour Disorder (RBD).  Arguably, RBD is the most studied 

sleep disorder in PD. REM sleep behaviour disorder is a parasomnia that manifests 

as movement (simple or complex) during REM, due to the failure of the mechanisms 

that ordinarily inhibit skeletal muscle tone during REM (Mahowald & Schenck, 

2005). Frequently dream imagery is vivid and often frightening (Cochen De Cock, 

2013; Mahowald & Schenck, 2005). A person with RBD can appear to be ‘acting out 

dreams’; commonly RBD is diagnosed following injury, sustained, or inflicted, 

during dream-enactment behaviour (Olson, Boeve, & Silber, 2000). There is a strong 

association between RBD and neurodegeneration, such that between 40 and 80% of 

individuals initially diagnosed with RBD will later develop a neurodegenerative 

disease (usually a synucleinopathy) (Postuma, Gagnon, & Montplaisir, 2012; 

Schenck, Boeve, & Mahowald, 2013). Of those with PD, concomitant RBD has been 

shown to predict the development of dementia (PD-D; Postuma, Bertrand et al., 

2012). However, even before the development of PD-D, RBD has been linked with 
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cognitive impairment (e.g. Marion, Qurashi, Marshall, & Foster, 2008; Sinforiani et 

al., 2008; Vendette et al., 2007). Further, it has been demonstrated that cognitive 

deficits exist even in idiopathic RBD (iRBD) (Jean-François Gagnon et al., 2009; 

Raffaele Manni et al., 2013; Postuma, Gagnon, & Montplaisir, 2008). These findings 

have precipitated the question as to whether the idiopathic form is truly a separate 

entity? It is possible that ‘iRBD’ is simply an early manifestation of 

neurodegenerative disease that will eventually appear (Ferini-Strambi et al., 2004). 

  Even though RBD can precede motor symptom onset by many years, 

longitudinal studies indicate that the risk of developing RBD accrues with PD 

duration (Zoccolella et al., 2011). The evidence is accumulating that RBD is 

associated with mild cognitive impairment and early-onset dementia (Svenningsson, 

Westman, Ballard, & Aarsland, 2012). A significant limitation of the prospective 

studies, however, is that it is impractical to screen all people with PD for RBD at the 

time of diagnosis; so it is difficult to estimate the duration of RBD, and whether 

RBD onset after motor symptom onset signals a faster, or changing, disease 

trajectory than incipient RBD that has existed prior to the onset Parkinsonism.  

Insomnia. Whilst RBD is a very specific marker for the development of 

syneucleinopathies; insomnia is far more common. Difficulty initiating and 

maintaining sleep is one of the most frequent complaints amongst those with PD (M. 

Park & Comella, 2015). Insomnia in PD is multifactorial, and may be driven by 

different factors at various stages of the disease.  

A recent epidemiological study examined medical records from 8166 people 

who developed PD, and 46, 755 who did not (the non-PD group was matched on 

demographic variables to the PD group, so served as a control group). The objective 

was to determine symptoms or related medical conditions that differentiated the 
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groups in the prodromal period (i.e. ten years before diagnosis). Five years before 

those with PD were diagnosed, they had a slightly (but statistically significant) 

higher odds ratio of presenting for treatment for insomnia. Two years prior to 

diagnosis, those with PD had significantly higher odds of developing insomnia than 

those who did not develop PD (Schrag, Horsfall, Walters, Noyce, & Petersen, 2014). 

 Gjerstad, Wentzel-Larsen, Aarsland, and Larsen, (2007) conducted a 

prospective, longitudinal study with a sample of 231 community-dwelling people 

with PD at three time-points over an eight-year period. They found that the overall 

prevalence of insomnia was relatively stable over time, (58.9% reported insomnia at 

baseline, 56.2% at 8-year follow-up); but specific problems became more frequent in 

subsequent interviews (e.g. problems turning in bed were experienced by 44.8% of 

participants at baseline, 57.7% of participants at 4-year follow-up, and 67.4% of 

participants at 8-years post-baseline). There was also high inter-individual variability 

in the experience of insomnia. In the final study visit 89 of the cohort remained, of 

these, one-third had reported insomnia at each visit; and 20% did not have insomnia 

at baseline, but developed insomnia at a later point. Gjerstad et al., (2007) found that 

the strongest risk factors for insomnia were i) being female; ii) longer disease 

duration, and; iii) having depression. 

Sleep symptoms and depression are bidirectional; insomnia is common in 

depression (Adrien, 2002), and experimental sleep deprivation or restriction 

demonstrably increases negative affect (Walker, 2009). It has also been suggested 

that shared neural circuitry may underpin both insomnia and depression in PD 

(Gunn, Naismith, & Lewis, 2010). Moreover, many pharmacological treatments for 

depression may worsen insomnia (Bassetti, 2011; Park & Comella, 2015).  
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As the motor syndrome of PD progresses, sleep continuity is disrupted by an 

array of physical symptoms. Discomfort at night, and difficulty turning in bed; 

medication ‘wearing off’; nocturia; dystonia; nightmares; and hallucinations may all 

cause awakenings and reinitiating sleep may be problematic (Adler & Thorpy, 2005; 

Dhawan et al., 2006; Park & Comella, 2015).    

Restless Leg Syndrome (RLS) and Periodic Limb Movement Disorder 

(PLMD). Restless leg syndrome is characterised by uncomfortable sensations in the 

legs, accompanied by an intense desire to move the legs (AASM, 2001). The 

symptoms of RLS tend to emerge when at rest and in the evening, therefore 

difficulty with sleep initiation is characteristic of the syndrome (AASM, 2001; Adler 

& Thorpy, 2005). A recent meta-analysis reported a prevalence ranging from 0% to 

50% in PD  (Zoccolella et al., 2011). Factors associated with RLS in PD were: 

longer disease duration; more time since levodopa therapy had commenced, and 

cognitive impairment. Restless leg syndrome is frequently comorbid with periodic 

limb movement disorder (PLMD). 

The characteristics of PLMD are repetitive limb (usually lower leg) 

movements, or ‘jerks’; which may, or may not be associated with cortical arousals or 

awakenings, sleep fragmentation, unrefreshing sleep and subsequent daytime 

sleepiness (AASM, 2001). A cross-sectional study examining correlates of PLMD in 

PD determined that PLMD was associated with more severe motor symptoms, 

poorer HRQoL, poorer subjective sleep, and a higher likelihood of probable RBD 

(Covassin et al., 2012). 

Sleep Related Breathing Disorders (SRBD). Sleep-related breathing 

disorders, of which obstructive sleep apnoea (OSA), is the most common (Al Lawati, 

Patel, & Ayas, 2009), are characterised by repeated apnoeas and hypopnoeas during 
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sleep, usually accompanied by a decrease in oxygen saturation and/ or a cortical 

arousal (AASM, 2001). Typically, OSA consists of a mixture of both apnoeas (in 

which there is a complete obstruction of the airway and a subsequent cessation of 

airflow), and hypopnoeas, (partial occlusion of the airway with a consequent 

decrease in airflow and oxygen saturation; (AASM, 2012). Cortical arousals 

frequently terminate both types of obstructive respiratory event, disrupting sleep 

continuity (AASM, 2001).  

One of the earliest studies to systematically compare PD patients and case-

matched controls to explore the manifestation of SRBD in PD, matched PD and 

control patients by number of respiratory events (or apnoea hypopnoea index; AHI). 

At the same AHI, PD patients had more SWS, a comparable number of (total) 

arousals, but more awakenings, and better-maintained oxyhaemoglobin saturation. 

(Diederich, Vaillant, Leischen et al., 2005). These results have more recently been 

replicated by Nomura, Inoue, Kobayashi, Namba and  Nakashima (2013); people 

with PD had fewer respiratory arousals but maintained better oxygen saturation than 

controls with OSA. The authors of both studies thus concluded that SRBDs are 

unlikely to contribute significantly to daytime dysfunction in PD. 

   Medication Effects. As dopamine is actively involved in the regulation of 

sleep (Lima, 2013), it follows that dopaminergic treatment may either improve or 

disrupt sleep. Kaynak, Kiziltan, Kaynak, Benbir, and Uysal, (2005) examined people 

with PD patients before commencing treatment and at a mean of 8 months post 

beginning dopaminergic therapy. Post-therapy PSG revealed increased time spent in 

‘light’ sleep (N1 and N2) and increased objective and subjective daytime sleepiness 

as measured by MSLT and ESS, respectively. The timing of medication is also 

important. Chahine et al., (2013) examined the effect of levodopa dose and timing on 
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sleep in 62 people with early-stage PD. A higher dose of levodopa in the evening, 

within 4 hours of going to bed, was associated with poorer self-reported sleep 

quality; increased WASO and decreased REM (as measured by PSG).  

To determine the effect of levodopa on sleep architecture in people with PD, 

who are already treated with levodopa, Wailke, Herzog, Witt, Deuschl, and 

Volkmann, (2011) examined 30 women with levodopa-responsive PD (mean disease 

duration: 5.5 years, all rigid-akinetic sub-type) and 16 age-matched controls. Half of 

the PD group were instructed to abstain from their evening medication (to sleep in an 

‘OFF’ state) while the other half was given 200mg controlled-release levodopa-

carbidopa. As expected, the PD groups experienced longer WASO, more 

awakenings, and less SWS than the control group. Surprisingly, there was no 

difference in sleep architecture between the ‘ON’ and ‘OFF’ groups.  Disease 

duration was the only significant predictor of WASO and awakenings across the 2 

PD groups. The multifactorial nature of sleep disturbance in PD was demonstrated in 

a comprehensive study by Sixel-Döring, Trautmann, Mollenhauer, and Trenkwalder, 

(2012), designed to identify variables associated with sleep disturbance in PD. Three 

hundred and fifty-one people (Mean age-67 years, disease duration nine years), were 

selected for sleep problems, and in-lab PSG was conducted on the entire sample. 

Increasing age was associated with lower SE, less SWS, more awakenings and an 

increased risk of RBD. Motor symptom severity was associated with PLMS and 

SRBD. While levodopa dose did not predict any sleep measure, dopamine agonists 

decreased PLMS but increased awakenings.   
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Sleep and Cognition 

Mechanisms of Harm.  

Chronic Sleep Debt. ‘Sleep debt’ is a term used to describe a state in which an 

individual obtains less sleep than they require. When inadequate sleep persists over a 

protracted period (weeks, months or years), the term ‘chronic sleep debt’ applies 

(Van Dongen, Rogers, & Dinges, 2003). Sleep debt has been shown to affect an 

extensive range of neuropsychological functions including attention and vigilance, 

processing speed, short-term memory, executive function and language (Waters & 

Bucks, 2011). Experimentally restricting sleep to less than 6 hours per night has been 

shown to elicit a dose-dependent effect on cognition; strikingly, participants are 

often unaware of the decrease in their cognitive performance (Van Dongen, Maislin, 

Mullington, & Dinges, 2003). Moreover, there is considerable inter-individual 

variability in the effects of sleep debt, with the cognitive effects of sleep debt more 

pronounced in some individuals than others (Durmer & Dinges, 2009). Banks and 

Dinges (2007) note that some people experience performance decrements with only 

very mild sleep restriction (i.e. sleep is restricted to <7 hours per night).  

 Sleep Fragmentation. Bonnet’s ‘sleep continuity hypothesis’ (1986) 

contends that uninterrupted sleep is critical for daytime functioning. Bonnet argues 

that given sleep periods of equal duration (TST), with equivalent SWS and REM, 

one may be more or less restorative depending on the frequency of arousals (Bonnet, 

2000). To separate the effects of TST, SWS, REM and sleep fragmentation; Bonnet, 

(1986) established a paradigm in which arousals were experimentally induced at 

varying intervals (1 min, ten mins, 2.5 hours) in healthy young adults in a laboratory 

based study. Given that TST, and the relative amounts of SWS and REM were 
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comparable in the conditions with arousals at both 10-minute or 2.5-hour intervals, 

Bonnet concluded the key variable for restorative sleep was continuity. Stepanski, 

(2002) reviewed much of the foundational literature where sleep was experimentally 

fragmented in order to determine the effect on cognition; sleep fragmentation 

induces deficits in reaction time and vigilance, sustained attention and attentional 

processing, visuospatial ability, complex information processing and driving 

simulation tasks. 

Reduction in slow wave sleep. The synaptic homeostasis hypothesis (SHY; 

Tononi & Cirelli, 2003) posits that SWS is vital for the recalibration of neurons and 

the maintenance of plasticity. A neuron cannot continue to fire continuously. 

Likewise, an infinite number of synapses cannot be created. The crux of SHY, 

therefore, is that synaptic strength increases in wake, and decreases in sleep (Tononi 

& Cirelli, 2014). In this way, necessary connections are retained, and synaptic 

pruning allows for ongoing plasticity. Slow wave activity (SWA), or the 

synchronised potentiation and depotentiation of cortical neurons, appears as slow 

frequency (<4Hz), high amplitude waveforms on EEG, and is the defining 

characteristic of N3 or SWS (Huber, Felice Ghilardi, Massimini, & Tononi, 2004). 

Evidence that supports this hypothesis includes the observation that slow wave 

activity increases in the sleep period following a learning task, (Huber et al., 2004). 

Following training on a rotation adaptation task (an implicit learning task), higher 

sleep pressure was observed (in the form of increased SWA in the first NREM 

period of the night). In addition, local SWA increased in the right parietal areas 

(essential for integrating spatial and proprioceptive information necessary for 

accuracy in rotation adaptation tasks) (Huber et al., 2004). Moreover, Van Der Werf 

et al. (2009) investigated the role of SWS in memory in 13 older adults using an 
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acoustic sleep-disturbance paradigm to experimentally suppress SWS while keeping 

TST constant. Individuals who had disrupted SWS demonstrated impoverished 

learning (i.e. memory encoding) on a declarative memory task, completed the 

following day, relative to the group with undisturbed sleep; demonstrating that given 

equivalent TST, selective loss of SWS is a significant factor in memory failure. By 

the same token, when neurostimulation is used to augment SWS, memory 

consolidation improves (Marshall, Helgadóttir, Mölle, & Born, 2006). Summarising 

why it is we need to sleep, Tononi and Cirelli stated, ‘Sleep is the price we pay for 

plasticity’ (2012, p1).   

Sleep Disordered Breathing. Sleep related breathing disorders are associated 

with myriad cognitive symptoms. Deficits in attention and vigilance, delayed long-

term visual and verbal memory, visuospatial/constructional abilities, and executive 

function are consistently related to OSA; while evidence for an association with 

deficits in working memory, short-term memory, and global cognitive function is 

mixed (Bucks, Olaithe, & Eastwood, 2013). As SRBDs involve pauses in breathing 

with a subsequent drop in oxyhaemoglobin saturation, in addition to cortical arousals 

or awakenings, which disrupt sleep continuity it is difficult to dissociate the effects 

of transient hypoxia and sleep fragmentation. Beebe and Gozal, (2002) proposed a 

model where both sleep fragmentation and hypoxia disrupt the prefrontal cortex, 

resulting in a dysexecutive syndrome where other cognitive processes (i.e. memory) 

are poorly co-ordinated. In this model, disruption to the prefrontal cortex caused by 

sleep fragmentation can be ameliorated following treatment. The hippocampus 

(Kaminska, Lafontaine, & Kimoff, 2015; Xie et al., 2010) and the PFC (Beebe & 

Gozal, 2002): integral for memory and EF, respectively: are exquisitely vulnerable to 

the chronic, transient hypoxia and hypercapnia associated with SRBD.  
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Nonetheless, the prevalence of SRBDs is considerable. Young et al. (1993) 

estimated that the prevalence in middle-aged men was 24% and 9% for women. 

Sleep related breathing disorders are more common still in older adults (62% with 

AHI ≥ 10; Ancoli-Israel et al., 1991). Irrespective of whether the relative risk of 

SRDB is higher in PD, or equivalent to that of older adults; the neurological sequelae 

of OSA are likely to place further demands on a brain already battling 

neurodegeneration. 

Summary and Contents of Chapters 

 There is a body of sleep literature delineating the effect of sleep on memory 

and EF in neurologically healthy individuals. Chronic sleep debt, sleep 

fragmentation, proportionally less time spent in SWS and REM are all mechanisms 

by which poor quality sleep impacts on cognition. While sleep quality naturally 

deteriorates with age, in PD, sleep disruption is more severe and complex. In PD, 

where sleep is disturbed in a multitude of ways, logically, there should be clear 

relationships between measures of disrupted sleep and memory and EF. However, 

beyond the established link between RBD and cognitive impairment, little evidence 

exists for a relationship between night-time sleep disturbance and cognitive 

symptoms in PD. 

 This thesis aimed to clarify the nature of sleep disturbance and cognition in 

PD, by means of synthesising previously published research, and through a series of 

3 studies, which measure self-reported sleep disruption, objective indices of sleep 

disruption via PSG and memory and EF using a comprehensive neuropsychological 

battery.   

 Chapter 2 examined the relationship between sleep and cognition in PD by 

meta-analysing literature pertaining to sleep and cognition in PD. This study was 
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published in Sleep Medicine Reviews: Pushpanathan, M. E., Loftus, A. M., Thomas, 

M. G., Gasson, N., & Bucks, R. S. (2015). The relationship between sleep and 

cognition in Parkinson’s disease: A meta-analysis. Sleep Medicine Reviews, 26, 21–

32.  

 As the empirical chapters (Chapters 4, 5 and 6) were written for publication 

in scientific journals with stringent word counts, an additional chapter was necessary 

to supplement the method sections in these chapters, where some detail was omitted. 

Chapter 3 provides this information, including participant recruitment, 

questionnaires, neuropsychological tests, and polysomnography.  

 The Parkinson’s Disease Sleep Scales (PDSS) assess a broad range of 

symptoms affecting sleep in PD. They have, therefore, become very widely used 

measures, though little is known about the reliability of the factor structure of these 

scales. Chapter 4 factor analyses a variant of the PDSS (the Parkinson’s Disease 

Sleep Scale- Revised) and argues that PDSS items should be conceptualised as 

multidimensional (i.e. they measure constructs in addition to sleep). The factors 

generated from this analysis are then used as a measure of self-reported sleep quality 

in Chapter 5.  

 The relationship between self-reported sleep symptoms, (as measured by 

PDSS-R factor scores) and memory and EF performance is reported in Chapter 5. 

Parkinson’s Disease Sleep Scale-Revised factor scores were used in path analysis to 

determine whether the type of sleep symptoms experienced differentially predicted 

memory and EF in younger and older-onset PD.  

 The final empirical chapter, Chapter 6, examines whether objective indices of 

sleep quality (total sleep time, sleep onset latency, wake after sleep onset, percentage 

of sleep time in N2, SWS, and REM, and type and frequency of arousals) are equally 
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predictive of cognitive performance in people with PD, and in age-matched healthy 

controls.   

 Chapter 7 is the final chapter of the thesis and discusses the findings of the 

empirical studies reported in the thesis in the context of the wider literature, in 

addition to strengths, limitations, clinical and theoretical implications, and, directions 

for future research.  
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CHAPTER 2: THE RELATIONSHIP BETWEEN SLEEP AND COGNITION 

IN PARKINSON’S DISEASE 

 

Preface 

Disturbed sleep and cognitive impairment are both common non-motor 

symptoms (NMS) in PD. Considering the weight of evidence establishing the critical 

role of restorative sleep in cognitive processes, it would be reasonable to hypothesise 

a strong association between these two NMS. However, findings in this field are 

frequently disparate.  

As a starting point for the work presented in this thesis, the meta-analysis 

presented in this chapter reviews studies that examined an association with sleep 

disorder or disturbance and cognition in PD. Data from included studies were meta-

analysed by specific theoretical cognitive domains in order to identify the specific 

effects of disordered sleep on cognition. Methodological differences were considered 

as a source of disparity, with a view to improving the design of future studies. 

 

  

This chapter was published in the journal Sleep Medicine Reviews: 

Pushpanathan, M. E., Loftus, A. M., Thomas, M. G., Gasson, N., & Bucks, R. S. 

(2015). The relationship between sleep and cognition in Parkinson’s disease: A 

meta-analysis. Sleep Medicine Reviews, 26, 21–32. It is presented below, as 

published, but formatted for consistency with the rest of the thesis. 
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Abstract 

It is well established that sleep disorders have neuropsychological 

consequences in otherwise healthy people. Studies of night-time sleep problems and 

cognition in Parkinson's disease (PD), however, paint a mixed picture, with many 

reporting no relationship between sleep problems and neuropsychological 

performance. This review aimed to meta-analyse this research and to examine the 

factors underlying these mixed results. A literature search was conducted of 

published and unpublished studies, resulting in 16 papers that met inclusion criteria. 

Data were analysed in the domains of: global cognitive function; memory (general, 

long-term verbal recognition, long-term verbal recall); and executive function 

(general, shifting, updating, inhibition, generativity, fluid reasoning). 

There was a significant effect of sleep on global cognitive function, long-term 

verbal recall, long-term verbal recognition, shifting, updating, generativity, and fluid 

reasoning. 

Although there are effects on memory and executive function associated with 

poor sleep in PD, the effects were driven by a small number of studies. Numerous 

methodological issues were identified. 

Further studies are needed reliably to determine whether disturbed sleep 

impacts on cognition via mechanisms of hypoxia, hypercapnia, sleep fragmentation, 

chronic sleep debt or decreased REM and/or slow wave sleep in PD, as this may 

have important clinical implications. 
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The Relationship Between Sleep and Cognition in Parkinson’s Disease: A Meta-

Analysis 

Parkinson's disease (PD) is classified as a movement disorder, but non-motor 

symptoms are common and have a profound effect on patient experience and quality 

of life (Chaudhuri et al., 2010). Up to a decade before the first motor symptoms 

emerge, patients often experience significant sleep disruption (Hawkes et al., 2010). 

Sleep quality is strongly correlated with health-related quality of life (Scaravilli, 

Gasparoli, Rinaldi, Polesello, & Bracco, 2003) and the impact of PD treatment 

(levodopa and dopamine agonists) on the sleep-wake cycle is an area of debate, with 

treatment effects varying between patients and compounds (Romigi et al., 2005, 

2006). 

Sleep disorders affect up to 98% of PD patients (Adler & Thorpy, 2005). A 

range of sleep disturbances are common in PD, including insomnia, sleep 

fragmentation, sleep-related breathing disorders (SRBD), hallucinations, nightmares, 

narcolepsy, REM sleep behaviour disorder (RBD) and non-REM parasomnias 

(Comella, 2007). Similar to other neurodegenerative diseases (e.g. Alzheimer's 

disease; Vitiello & Borson, 2001), significant sleep problems occur in PD, alongside 

significant cognitive dysfunction. This is noteworthy as cognitive impairment greatly 

increases disease burden (Barone et al., 2009). Moreover, sleep problems have been 

shown to contribute to neuropsychological deficits in otherwise healthy people 

(Aloia, Arnedt, Davis, Riggs, & Byrd, 2004; Fulda & Schulz, 2001; Jones & 

Harrison, 2001). The cognitive changes observed in early to moderate PD are 

primarily deficits in executive function (EF) and memory (Muslimovic et al., 2005; 

Owen et al., 1992; Taylor, Saint-Cyr, & Lang, 1990). These are the same domains 

affected in those with SRBD (Bucks et al., 2013) and in insomnia (Fortier-Brochu, 
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Beaulieu-Bonneau, Ivers, & Morin, 2012). SRBD causes sleep fragmentation and 

hypoxia, leading to daytime tiredness and cognitive deficits (Beebe & Gozal, 2002). 

Daytime tiredness has an effect on attention and motivation, affecting 

neuropsychological test performance (Fulda & Schulz, 2001), and ability to manage 

daytime activities (Kuriyama, 2013). Diminished slow wave sleep (SWS) is thought 

to interfere with the capacity to learn new information (Tononi & Cirelli, 2003) and 

to lead to specific deficits in spatial learning (Peigneux et al., 2004). 

Given that sleep problems are almost universal in PD, and that they are 

associated with cognitive impairment even when experienced in isolation, this 

suggests that the neuropsychological deficits in mild to moderate PD may be 

compounded by chronic sleep debt or consistently fragmented sleep. That is, 

cognitive impairment may not only arise directly through the pathology of PD, but 

also indirectly via the mechanism of chronic sleep disruption. Studies of night-time 

sleep problems and cognition in PD, however, paint a mixed picture, with many 

reporting no relationship between sleep problems and neuropsychological 

performance. Critical appraisal of this literature, taking account of sample size and 

methodology is needed, as no such synthesis has been conducted. 

This meta-analysis systematically examined the relationship between sleep and 

cognition in PD. The objectives of this study were: 1) to identify whether there are 

specific cognitive deficits associated with sleep problems (insomnia, sleep 

fragmentation, SRBD, hallucinations, nightmares, narcolepsy, RBD, and non-REM 

parasomnias) in PD and 2) which neuropsychological tests are sensitive to sleep 

associated cognitive impairment in PD. We analysed, separately, measures of global 

cognitive function, EF and memory. Additionally, we analysed the sub-domains of 
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memory: long-term verbal recall and long-term verbal recognition and the sub-

domains of EF: shifting, updating, inhibition, generativity and fluid reasoning. 

Method 

Search strategy. Electronic search of Medline, PsychInfo, PubMed, Proquest: 

Theses and Dissertations and Web of Science: Conference Proceedings databases to 

19/12/2013 was conducted, restricted to papers in English, supplemented by hand 

searches of reference lists from included and seminal papers. 

Following exclusion of duplicates and irrelevant reports, judging by title and 

abstract screening, 43 papers were retained for full-text evaluation. Two reviewers 

(M.E.P., R.S.B.) independently evaluated all papers retained for full-text screening. 

Studies were evaluated by a priori inclusion criteria (described below). 

Disagreements, of which there were very few, were resolved through discussion. 

Study eligibility criteria. 

Inclusion criteria: 

1) Participants must be adults diagnosed with idiopathic PD; 

2) Sleep must be measured in a reliable manner: PSG, validated questionnaire, 

clinical interview, actigraphy (or a combination of these); 

3) Cognition must be measured using validated neuropsychological tests; 

4) Relationship between sleep and cognition must be reported statistically; and, 

5) Samples must be independent (for prospective studies, we used baseline data; 

when multiple studies were published by the same authors, we confirmed 

independence of samples with the authors or used the study with the largest 

N). 

Exclusion criteria: 

1) Atypical PD or Parkinsonian syndromes;  



Sleep and Cognition in Parkinson’s Disease  25 

 

2) Sleep measured by a single item score or sub-scale from nonmotor symptom 

scale; and,  

3) Cognition measured by subjective report. 

 

 

 

  

Figure 2.1 

Flow Chart of search strategy, retrieval and selection process 
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Outcomes. For each study, the primary outcome was neuropsychological test 

scores. For two studies (Bugalho, da Silva, & Neto, 2011; Yoritaka, Ohizumi, 

Tanaka, & Hattori, 2009) the outcome was the proportion of each group (RBD+, 

RBD-) that fell below pre-specified cut-off scores on the Mini-Mental State 

Examination (MMSE) and the Frontal Assessment Battery (FAB). 

We categorised the neuropsychological tests described in each paper 

according to memory theory employed in Wallace and Bucks, (2013) and EF was 

divided according to the multidimensional approach used by Olaithe and Bucks, 

(2013). Detailed description of the neuropsychological domains is provided in Table 

S2 (see Appendix B). The domains were: global cognitive function, memory, 

executive function, visuospatial/constructional ability, and psychomotor ability. 

Memory was further subdivided into global memory performance, short-term verbal 

memory, short-term spatial memory, long-term verbal recall, and long-term verbal 

recognition. EF was divided into: global EF, shifting, updating, inhibition, 

generativity, and fluid reasoning. Cognitive domains assessed in just one study 

(complex attention; long-term visual recall; short-term spatial memory), could not be 

included in the analysis. 

Data extraction and coding. Data extracted and coded from the final articles 

included: authors, publication status, year of publication, journal, study design, 

source of participants (clinic or community), inclusion and exclusion criteria, mean 

age, mean disease duration, sleep measurement, neuropsychological tests, and 

covariates used. Two of the studies (Meral et al., 2007; Sinforiani et al., 2006), 

examined visual hallucinations in addition to RBD, dividing participants both by 

their endorsement of RBD symptoms and their experience of visual hallucinations. 

Hallucinations are frequently comorbid with RBD, they often have a circadian 



Sleep and Cognition in Parkinson’s Disease  27 

 

distribution, occurring during the night and have been conceptualised as ‘REM 

intrusion’ into wakefulness (Arnulf, 2006). However, visual hallucinations are 

relatively common in PD and have a mixed aetiology. Iatrogenic hallucinations are 

common even in the early stages of PD (Burn & Tröster, 2004), whereas in 

individuals with PDD, visual hallucinations tend to coincide with a high cortical 

Lewy body load (most particularly in the temporal lobes) (Papapetropoulos, 

McCorquodale, Gonzalez, Jean-Gilles, & Mash, 2006; Ramírez-Ruiz et al., 2005). In 

light of this complexity; the small number of studies included in our analysis; and 

the fact that we were working with aggregated data, we combined the hallucination 

designations in both the Meral et al. (2007) and Sinforiani et al. (2006) studies.   The 

original papers analysed data for four or three groups, respectively. To create two 

groups (RBD+ and RBD-) we calculated the pooled means and standard deviations 

from statistics provided in each paper. The effect sizes reported for these studies are 

for between-groups differences for these groups. 

There were anomalies in the published data in two studies (Meral et al., 2007; 

Nardone et al., 2013). We found a significant difference in the Meral et al. (2007) 

Stroop data, in the opposite direction to that expected (RBD+ better than RBD-). 

This pattern is inconsistent both with previously published literature and the other 

cognitive test results published in Meral's paper. We were unable to make contact 

with the authors, so excluded these Stroop data from the inhibition analysis. 

Likewise, concerns about the z-score data from Nardone et al. (2013) led us 

to exclude them. The study examined people with concomitant PD and RBD using a 

neuropsychological battery which assessed cognition in a number of domains. Aside 

from the MMSE and the dementia rating scale, all results were reported in the form 

of z-scores. No information was provided about which normative data were used or 
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how z-scores were calculated. Again, we were unsuccessful in contacting the 

authors. 

The majority of studies examined the effect of RBD status on cognitive 

performance. The exceptions to this were Cochen De Cock et al. (2010), who 

examined obstructive sleep apnoea (OSA); Verbaan, van Rooden, van Hilten, and 

Rijsman, (2010) who compared those with and without restless legs syndrome 

(RLS); Stavitsky, Neargarder, Bogdanova, Mcnamara, and Cronin-Golomb, (2012) 

who looked at overall sleep quality using actigraphy, and Goldman et al. (2013) who 

explored overall sleep quality using the Pittsburgh Sleep Quality Index. Naismith, 

Terpening, Shine, and Lewis, (2011) examined the neuropsychological performance 

of both ‘good’ and ‘poor’ sleepers in terms of overall sleep quality and RBD status. 

For this study, we included data pertaining to overall sleep quality, as both sleep 

quality and RBD status were gauged by questionnaire response. We suggest that PD 

patients are able more accurately to report their overall sleep quality than their RBD 

status. Sensitivity to detect RBD in patients with PD using self-report is only 33% 

(Poryazova & Zachariev, 2005) as RBD in PD manifests in a less dramatic fashion 

than in idiopathic RBD. As RBD is less obvious in PD and may remain undetected 

by both the patient and their bed-partner, diagnostic classification based on self-

report measures is unlikely to reflect actual RBD status and may produce a confused 

picture of group differences. 

Data analysis. Our initial objective was to meta-analyse these data to 

determine whether specific, dissociable sleep problems in PD are associated with 

distinct types of neuropsychological deficits. However, examination of the data 

extracted revealed that this approach would not be possible given the heterogeneity 

in the 16 studies found. We therefore operationalised sleep problems by comparing 
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PD patients who reported good sleep (or no symptoms of RBD or RLS) with those 

who reported poor sleep (or symptoms of RBD or RLS). Comprehensive Meta-

Analysis version 2.2.064 was used to synthesise data, calculate effect sizes, run 

moderator and post hoc analyses and to create forest plots. A random effects model 

was used to calculate effect sizes. Effect sizes are displayed in Hedges' g. 

Results 

Description of studies 

From the 2283 articles initially identified, 16 studies met inclusion criteria. 

Study details, including methodology and methodological issues, can be found in 

Table S2.1. Across these 16 studies, there were 1882 people with PD. The average 

age was 66.28 ± 8.65 y, and the average time since diagnosis was 7.17 ± 6.04 y. All 

studies were conducted in a clinical setting. Mean Unified Parkinson's Disease 

Rating Scale (UPDRS) scores were provided for 10 studies, while either mean or 

median Hoehn and Yahr (H&Y) scores were reported in 8. One study did not 

provide either measure of motor disease stage for the entire sample (mean H&Y was 

provided only for RBD subgroup; Marion et al., 2008). Three studies accepted only 

people in the early stages of PD (disease duration < 5y; Bugalho et al., 2011; 

Plomhause et al., 2013; Sixel-Döring, Trautmann, Mollenhauer, & Trenkwalder, 

2014), with two of these also requiring medication naïve participants (Plomhause et 

al., 2013; Sixel-Döring et al., 2014). 

Nine of the studies assessed cognition in a manner that partially met the 

criteria for a level II neurological assessment capable of detecting mild cognitive 

impairment (MCI) in PD as defined by the movement disorders society (Litvan et al., 

2012). A level II neuropsychological assessment must contain at least 2 tests in each 
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of five domains; i) attention and working memory ii) EF iii) language iv) memory 

and v) visuospatial function. The remaining seven used assessments of global 

cognition, which are classed as a level I (abbreviated) neuropsychological 

assessment (e.g. SCOPA-COG, Mattis Dementia Rating Scale) or used the MMSE 

or FAB which were not recommended for use in PD. 

PSG was used in seven studies (Cochen De Cock et al., 2010; Gagnon et al., 

2009; Lavault et al., 2010; Nardone et al., 2013; Plomhause et al., 2013; Sixel-

Doring, Trautmann, & Mollenhauer, 2011; Sixel-Döring et al., 2014). One study 

(Stavitsky et al., 2012) used actigraphy to quantify markers of sleep quality while the 

remainder used sleep questionnaires, clinical interviews or both to identify sleep 

disorder for the purposes of categorising participants or measure sleep quality. Table 

S2.3 details the sleep measures used in each included study. 

Effect sizes. The average effect size estimates for each cognitive domain are 

displayed in Table 2.1. See Figures S2.2 to S2.13 for forest plots by domain. 

Significant, overall effects were found in global cognitive function, long-term verbal 

recall, long-term verbal recognition, shifting, updating, generativity, fluid reasoning 

and visuospatial/constructional ability. These were all moderate, positive effects with 

the exception of global cognitive function, which generated a small positive effect (g 

= 0.33) and long-term verbal recognition, which approached a large positive effect (g 

= 0.78).  

Heterogeneity. Heterogeneity was inspected visually using forest plots and 

Cochrane's Q, which indicates whether the observed variability in effect sizes is 

greater than would be expected by chance. The Q statistic was significant for global 

cognitive function, inhibition, generativity, fluid reasoning, and 

visuospatial/constructional ability. I2 values ranged from 65.73 to 90.25, suggesting 
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that at least 65.73% of the real variance was caused by differences between studies 

and may be explained by covariates. Moderator analysis was used to explore this 

unexplained variance. 
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Table 2.1 

Mean overall effect sizes, confidence intervals and homogeneity statistics 

  95% CI  Homogeneity Statistics 

Domain Hedges’ g LL UL Z p Q (df) p Tau 

Global Cognitive Function 0.33 0.11 0.55 2.95 <0.01 34.42(11) 0.00 0.30 

Memory (General) 0.23 -0.59 0.12 -1.30 0.20 0.06(1) 0.82 0.00 

Long Term Verbal Recall 0.51 0.24 0.77 3.79 <0.01 7.09(4) 0.13 0.19 

Long Term Verbal Recognition 0.78 0.41 1.15 4.14 <0.01 0.75(1) 0.39 0.00 

Executive Function (General) 0.10 -0.18 0.37 0.70 0.49 0.45(2) 0.80 0.00 

Executive Function- Shifting 0.27 0.04 0.49 2.35 0.02 5.19(4) 0.27 0.12 

Executive Function- Updating 0.59 0.25 0.93 3.36 <0.01 0.33(1) 0.56 0.00 

Executive Function- Inhibition 0.47 -0.17 1.11 1.44 0.15 3.29(1) 0.07 0.39 

Executive Function- Generativity 0.66 0.06 1.26 2.16 0.03 51.29(5) 0.00 0.70 

Executive Function- Fluid Reasoning 0.49 0.05 0.92 2.21 0.03 6.86(2) 0.03 0.32 

Visuospatial/Constructional  0.45 0.01 0.88 2.02 0.04 11.63(3) 0.01 0.38 

Psychomotor Ability 0.05 -0.35 0.46 0.25 0.81 0.00(1) 0.96 0.00 
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Moderator analysis. According to Borenstein, Hedges, Higgins, and Rothstein, 

(2009), meta-regression should only be conducted for outcomes in which there are at 

least 10 samples to 1 covariate. Global cognitive functioning was the only domain to 

meet this criterion. Average disease severity for good and poor sleepers (UPDRS or 

H & Y score) was not reported consistently across studies (H & Y score was 

reported in 8 of the 16 studies, UPDRS was reported in 10 studies, and no measure 

of motor symptom severity by group was reported in three studies), thus motor 

symptom severity could not be explored as a covariate. 

Paired samples t-tests revealed no differences between ‘good’ and ‘poor’ 

sleepers in terms of disease duration (t(11) = 1.65, p = .13) or levodopa equivalent 

dose (LED; t(11) = 1.34, p = .19). However, ‘poor’ sleepers were significantly older 

than good sleepers (t(12) = 2.90, p = .03). 

Given that there was a significant difference in age between the two groups, 

we calculated a difference score (Age of good sleepers (years) - Age of poor sleepers 

(years)) for each study that reported this information, and used this as a moderator 

variable in meta-regression. Age-difference between good and poor sleepers was not 

a moderator of the effect of poor-sleep on general cognition (Q = 0.02, df = 1, p = 

.90), nor was mean age (standardised mean of good and poor sleepers within each 

study) (Q = 0.01, df = 1, p = .93). 

As there were no sleep-group differences in disease duration or LED, we did 

not examine difference scores for these variables, but examined average disease 

duration and LED by study as moderators of sleep-group differences in general 

cognition. Neither disease duration (Q = 0.68, df = 1, p = .41) nor LED (Q = 0.03, df 

= 1, p = .87) moderated the effects. 



 Sleep and Cognition in Parkinson’s Disease 34 

 

Categorical moderator analysis was conducted to examine whether test type 

(MMSE or other) impacted on the effects found for general cognitive functioning. 

There were no differences between good and poor sleepers in MMSE scores (g = 

0.22, p = .05). However, differences remained on other tests of global cognitive 

ability (SCOPA-Cog, Mattis dementia rating scale, short test of mental status) (g = 

0.47, p < .05), for which heterogeneity was not a problem (Q = 5.85, df = 2, p > .05). 

Publication bias. Funnel plots and publication bias statistics were examined in 

all cognitive domains in which there was a significant effect. Generativity was the 

only domain which generated a symmetrical funnel plot and robust statistics, 

indicating little risk of publication bias. In all other domains, Orwin's fail-safe N and 

Duval and Tweedie's trim and fill indicated that effect sizes had been inflated by 

publication bias. 

While it appears that publication bias may be inflating effect sizes in some 

domains, these statistics are prone to distortion in small, heterogeneous samples 

(Sterne, Egger, & Smith, 2001), and it is difficult to tease out whether publication 

bias is a systemic issue in this field or whether it is an artefact of sample 

characteristics (Terrin, Schmid, Lau, & Olkin, 2003). Although the effects were 

driven by a small number of studies that used sensitive tests, the fact that two-thirds 

of included studies concluded no effect of sleep on cognition in PD indicates that 

non-significant results are accepted for publication. 

Discussion 

This meta-analysis indicates that, relative to those without sleep problems, 

people with PD who experience sleep problems demonstrate poorer cognitive 

performance. Poor sleepers had poorer performance on tests of global cognitive 



 Sleep and Cognition in Parkinson’s Disease 35 

 

ability such as the Mattis Dementia Rating Scale, and the SCOPA-Cog. When 

cognition was measured using brief or compound measures (such as the MMSE to 

measure global cognitive ability, the FAB to measure EF and memory or EF 

summary scores), no significant effects of sleep on cognition were evident. 

Conversely, targeted neuropsychological tests revealed significant effects for all sub-

domains (inhibition excepted), including: long-term verbal recall, long-term verbal 

recognition, shifting, updating, generativity and fluid reasoning. 

Methodological problems 

Sleep measurement. 

A fundamental problem with most papers was the reliance on self-report 

measures for assessing sleep. While questionnaires are a pragmatic measurement 

method, they have significant limitations. Sleep problems are one of the earliest 

manifestations of PD (Hawkes et al., 2010). Symptoms begin so early that patients 

may not even realise that their sleep symptoms are attributable to PD (Chaudhuri et 

al., 2010; Lindvall, Lokk, & Wainwright, 2009). People also habituate to sleep 

symptoms, as exemplified by under-reporting of symptoms in OSA (Engleman, 

Hirst, & Douglas, 1997), and patients' perceptions of their sleep are frequently 

inconsistent with objective indices (Lauderdale, Knutson, Yan, Liu, & Rathouz, 

2008). In almost half (5 out of 11) included studies in which RBD was the focus, 

RBD status was ascertained via subjective measurement. A recent study has 

highlighted the inadequacy of such measures to detect accurately RBD: Bolitho et al. 

(2014) compared the RBD Screening Questionnaire (RBDSQ) with the REM atonia 

index collected during PSG. Strikingly, Bolitho et al.'s (2014) analysis demonstrated 

a rate of 46% of false positives when using the RBDSQ: the authors noted that 

individuals ‘diagnosed’ with RBD on the basis of the screening questionnaire tended 
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to have more general sleep disturbance and longer wake after sleep onset recorded 

by PSG. Given that RBD questionnaires have demonstrably low sensitivity 

(Poryazova & Zachariev, 2005) and specificity, yet their use has been widespread, it 

is possible that the effects seen in many studies are smaller than would be expected 

were groups divided on objective RBD status. 

 A response to a general sleep-rating scale may reflect the patient's state of 

mind, personality, trait anxiety or other psychological factors rather than how well 

they actually sleep (Morgan, Healey, & Healey, 1989; Vanable, Aikens, Tadimeti, 

Caruana-Montaldo, & Mendelson, 2000). 

Högl et al. (2010) articulate more specific difficulties of using rating scales to 

measure sleep in PD. Firstly, sleep in PD is multifactorial and sleep scales that 

screen for a particular disorder potentially miss other facets. This is pertinent to this 

review, as 5 of 16 studies used screening questionnaires to identify a sleep disorder. 

The questionnaires that Högl et al. (2010) recommended to measure sleep in PD 

were: the SCOPA-Sleep, the Pittsburgh Sleep Quality Index (PSQI), the Parkinson's 

Disease Sleep Scale (PDSS), the Epworth Sleepiness Scale (ESS), the Inappropriate 

Sleep Composite Score (ISCS) and the Stanford Sleepiness Scale (SSS). The sleep 

scales used in studies included in this review are included in Table S2.3 (Appendix 

B). Of five studies that used questionnaires to measure sleep, only two used 

measures recommended by Högl et al. (2010). Goldman et al., (2013) used the PSQI 

and Naismith et al. (2011) used the SCOPA-Sleep, both of which measure overall 

sleep quality. Several of the clinical interviews used were based on validated 

questionnaires, which were not recommended by the MDS taskforce. Moreover, 

these papers lacked information about how the interviews had been changed from the 

original and did not report psychometrics. 
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Structured clinical interviews offer an opportunity for the researcher to 

expand on questionnaire responses, for the patient to raise important issues, and to 

clarify any points of confusion. Several of the studies (Lavault et al., 2010; 

Sinforiani et al., 2006; Yoritaka et al., 2009) obtained more information by 

conducting interviews with both the patient and a family member or bed partner. 

This is a significant methodological improvement, as people may be unaware of their 

own sleeping behaviours (e.g. many snorers are unaware that they do so) 

(Lauderdale et al., 2008). Most clinical interviews were conducted using criteria 

defined by the international classification of sleep disorders and were administered 

by an experienced clinician. In several studies (Bugalho et al., 2011; Lavault et al., 

2010; Marion et al., 2008), clinical interviews were administered alongside 

questionnaires, providing a good example of a mixed-methods approach to sleep 

measurement when PSG was, presumably, unavailable or impractical.  

Actigraphy is often used as an adjunct to questionnaires and interviews, as it 

provides objective data with which to compare subjective accounts. Actigraphy 

provides measures of sleep latency, wake after sleep onset, total sleep time and sleep 

efficiency. However, actigraphy is problematic in PD. Although, Stavitsky et al. 

(2012), followed the standard protocol for conducting actigraphy, Sadeh, (2011) 

argues that it is inappropriate to use standard actigraphy algorithms in special 

populations as specificity (ability to detect wakefulness) is unacceptably low. As 

actigraphy uses movement to infer sleep, it is questionable to assume that it is 

accurate in PD: a movement disorder. First, validation studies against PSG, and 

development of an algorithm that takes the idiosyncratic sleep movements of PD into 

account must be conducted to demonstrate reliability and validity. Although tremor 

is attenuated during sleep (Stocchi, Barbato, Nordera, Berardelli, & Ruggieri, 1998), 
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there are unusual patterns of movement during sleep in PD. During REM, skeletal 

muscle movement is ordinarily inhibited; but in PD the mechanism responsible for 

skeletal muscle atonia during REM often fails (Cochen De Cock et al., 2007). 

Further, dyskinesias and other purposeful movements are often observed during 

sleep in PD (Fish et al., 1991). Recently, Sixel-Döring et al. (2014) recorded 

movement during REM sleep in 51% of people with early PD. If these results are 

typical, then actigraphy will confuse REM and wake in approximately half of people 

with PD. At this stage, the necessary groundwork to validate actigraphy in PD has 

not been done; therefore, its use is premature. 

Focus on RBD. RBD has inspired much research interest, as it appears very 

early in the disease course and heralds a more severe form of PD (Boeve, Silber, & 

Ferman, 2004; Gjerstad, Boeve, Wentzel-Larsen, Aarsland, & Larsen, 2008). 

However, the focus on RBD is at the expense of research into other sleep disorders 

in PD. Eleven of 16 papers reviewed focussed on RBD, with one additional paper 

examining both RBD status and overall sleep quality. In contrast, there is a lack of 

accurate data regarding the prevalence of SRBDs at different disease stages and how 

these might affect cognition. A recent review (da Silva, do Prado, Barbosa, Tufik, & 

Togeiro, 2014) found relatively mild SRBD in PD both in terms of apnoea-

hypopnoea index and hypoxia and proposed that relatively low BMI, a lack of atonia 

during RBD in this group and selection bias (mild PD) could have contributed to 

these findings. Further investigation is warranted, as both PD and SRBDs are 

associated with deficits in executive function and memory (Bucks et al., 2013; 

Muslimovic et al., 2005). PD may cause SRBD which may cause memory and 

executive deficits via the mechanisms of sleep fragmentation and hypoxia (Beebe & 
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Gozal, 2002). Alternatively, the dual injury of SRBD in addition to PD may 

compound memory and executive deficits. 

Different sleep disorders impact sleep in different ways. For example, 

insomnia can produce delayed sleep onset or early morning wakening which reduce 

total sleep time/sleep efficiency (Edinger, Glenn, Bastian, & Marsh, 2000). By 

contrast, RLS and SRBD cause frequent arousals, which disrupt sleep architecture 

(Beebe & Gozal, 2002; Hornyak, Feige, Voderholzer, Philipsen, & Riemann, 2007). 

RBD seems more strongly associated with REM sleep disruption (Consens et al., 

2005). Thus, the nature of the sleep disorder experienced in PD may be predictive of 

the type and severity of cognitive deficits produced. Sleep problems that disturb 

SWS impact new learning and maintenance of brain plasticity (Hobson & Pace-

Schott, 2002; Marshall et al., 2006); reductions in SWS in PD have been 

documented since the 1970s (Mouret, 1975). Insomnia, in otherwise healthy 

individuals, produces deficits in tasks that measure attention and memory (Fulda & 

Schulz, 2001), and is also common in PD (Adler & Thorpy, 2005). Further, SRBD 

and RBD have both been associated with significant cognitive deficits (Bucks et al., 

2013; Massicotte-Marquez et al., 2008), and are common in PD. However, few of 

these have been studied in detail in PD using appropriate methods, such as PSG. 

Taken together, this suggests that focussed, well-designed research is needed to 

investigate the prevalence and aetiology of the full range of sleep problems in PD; 

any number of which could contribute to the cognitive problems frequently 

observed. 

Measurement of cognition. 

Many of the studies that concluded that there was no relationship between 

sleep problems and cognition in PD used neuropsychological tests which may have 
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been insensitive to sleep-related deficits in PD. For example, the MMSE was not 

recommended for use to detect cognitive impairment in PD by the 2010 movement 

disorders task force, as it is insensitive to the cognitive changes that occur in PD. 

Being designed to detect frank dementia (Chou et al., 2010), it has pronounced 

ceiling effects (Bak et al., 2005; Huppert, Brayne, Gill, Paykel, & Beardsall, 1995). 

In a large study (N = 873) where the MMSE was used to screen for dementia in 

people with PD, the MMSE was shown to have ‘strikingly low sensitivity’ at only 

50% (Riedel et al., 2008). Yet the MMSE was used in 10 of the 16 included studies, 

five used the MMSE alone or in combination with the FAB instead of a targeted 

neuropsychological battery. These studies must, therefore, be treated with caution. 

Similarly, the FAB was designed to detect frontal lobe dysfunction and has 

been validated in PD, Multiple System Atrophy (MSA), corticobasal degeneration, 

frontotemporal dementia (FTD) and Progressive Supranuclear Palsy (PSP). Indeed, 

regression analysis indicates that 69.7% of people with PSP and FTD were correctly 

classified using the FAB, suggesting that it successfully captures deficits associated 

with predominantly medial-prefrontal dysfunction (Kulisevsky & Pagonabarraga, 

2009). However, dysfunction in PD primarily involves the dorsolateral and 

ventrolateral prefrontal cortices (Lewis, Dove, Robbins, Barker, & Owen, 2003) and 

the FAB is not sensitive to these changes. A 2012 study which sought to validate the 

FAB in PD found sensitivity (66.3%) and specificity (72.3%) to detect dementia was 

worse than the MMSE (sensitivity 79.9%; specificity 74%) at a cut-off of 26 points 

(Kaszás et al., 2012). Even though dementia in PD is characterised primarily by 

deficits of EF, the FAB was poorer at detecting dementia in PD than the MMSE, 

which does not test EF at all. 
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Summary data. Two reviewed studies (Goldman et al., 2013; Stavitsky et al., 

2012) conducted neuropsychological tests measuring sub-domains of memory and 

EF. They then combined these scores for analysis. In calculating summary scores in 

this manner, sensitivity to subtle, dissociable cognitive impairments in PD may be 

compromised. Although both memory and EF may be impaired with poor sleep in 

PD, the size of any such effects, and the mechanisms by which sleep impacts on 

memory and EF could be radically different. Summing scores may remove effects 

altogether, obscure such possible differences, or make interpretation of any results 

problematic. Indeed, meta-analysis of summary score data found no significant 

effects. 

Recommendations for future research  

In light of the present review, future research must consider the findings from 

both the sleep literature and from research into cognitive dysfunction in PD. 

Neuropsychological tests should be selected based on their demonstrated sensitivity 

to the cognitive changes in PD and their association with the sleep disorder of 

interest. 

In early to moderate PD, deficits will typically be related either to EF or 

memory and may be very subtle. Consequently, sensitive tests are required. The 

dorsolateral prefrontal cortex is a locus of disruption in PD (Lewis et al., 2003). 

Tasks that ‘tap’ the dorsolateral prefrontal cortex include EF tasks across a number 

of sub-domains such as the Wisconsin Card Sorting Test (set-shifting), the Tower of 

London Task (fluid reasoning), Digit Span Backwards (updating), nback tasks 

(updating), the Stroop Test (inhibition) and verbal fluency tasks (generativity). 

Specific memory deficits that have been linked with damage to the dorsolateral 

prefrontal cortex have been detected using delayed memory tasks and word list 
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learning tasks with interference trials, such as the Rey Auditory Verbal Learning 

Test or the California Verbal Learning Test (Cools et al., 2002; Kane & Engle, 2002; 

MacPherson, Phillips, & Della Sala, 2002). When test selection is theoretically 

driven, the risk of type 2 errors is diminished. 

Whilst dividing participants in the reviewed studies into those with good vs. 

poor sleep was a practical approach to the heterogeneity of methods used, the blunt 

nature of this distinction may limit power to find significant cognitive effects. 

Accordingly, greater consistency of more specific and powerful methods of 

assessing sleep is required. Studies that analyse sleep architecture in PD ideally 

require PSG and a sleep technician. Where PSG is not accessible, a mixed-methods 

approach is recommended to circumvent some of the problems with self-report 

measures of sleep. A sleep diary, which requires the patient to record sleep habits 

immediately on waking may ameliorate response bias inherent to questionnaires 

(which often ask patients to rate their sleep habits over the previous two weeks or 

more) (Bolger, Davis, & Rafaeli, 2003). While mindful of the limitations of self-

report measures, some sleep questionnaires are more suitable for use in PD than 

others. 

Several sleep questionnaires have been developed for PD, including the 

SCOPA-Sleep (Marinus, Visser, van Hilten, Lammers, & Stiggelbout, 2003) which 

measures indices related to sleep quality and the PDSS which screens for a range of 

sleep disturbances common in PD (Chaudhuri, Pal, Dimarco, et al., 2002). A 

combination of sleep questionnaires may be needed to capture both sleep quality and 

to screen for specific sleep disorders, e.g. the Berlin questionnaire for OSA risk or 

the international restless legs syndrome study group screening questionnaire for 
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RLS. Albeit, as in the case of actigraphy, screening measures such as the Berlin 

questionnaire have not yet been validated in a PD population and should, therefore, 

be used with caution. Clinical interviews may then be useful to probe further into the 

sleep symptomatology experienced by the patient. 

Even though this field of research is in its infancy, it is important to delineate 

the relationships between sleep and cognition in PD as the results may have critical 

clinical implications. For instance, the standard treatment for RBD is low dose 

Clonazepam (Aurora et al., 2010). But if it is common for people to have 

concomitant RBD and OSA in PD, then treatment for RBD could potentially 

exacerbate OSA leading to downstream cognitive problems (Chervin & 

Guilleminault, 1996; Guilleminault, 1990). Cognitive problems interfere with 

effective management of motor symptoms and lead to poorer quality of life. A better 

strategy may be to focus research efforts on long-acting dopaminergic treatments 

which will control both conditions throughout the night-time hours (Chaudhuri & 

Schapira, 2009). 

Conclusions 

Despite a sparse literature characterised by methodological problems, the 

results of this meta-analysis reveal significant effects of sleep problems on 

neuropsychological performance in PD across several cognitive domains. Most 

affected are four sub-domains of executive function, that is: shifting, updating, 

generativity and fluid reasoning and long-term verbal recall and long-term verbal 

recognition, both subdomains of memory. What is needed is a proper examination of 

the relationship between sleep and cognition in PD, informed by both the sleep and 

neuropsychological literature. 
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CHAPTER 3: 

RECRUITMENT, PARTICIPANTS AND MATERIALS 

The chapters in this thesis were written for publication in peer-reviewed 

journals. Given the constraints on word counts imposed by scientific journals, 

extended information about participants, recruitment, materials and procedures from 

the studies reported in Chapters 4, 5 and 6 of this thesis was omitted. This chapter 

provides that missing detail. 

 Studies 2 (Chapter 4) and 3 (Chapter 5) were conducted using data collected 

from the ParkC cohort. ParkC is a cross-sectional and longitudinal study based at 

Curtin University, in Perth, Western Australia. The objectives of the ParkC study are 

to examine contributors to cognitive and motor heterogeneity in idiopathic 

Parkinson’s disease. ParkC participants complete a motor and neuropsychological 

examination every 2 years. Wave 1 (baseline) data were used in both Studies 2 and 

3. Study 2 examined questionnaire data to test the factor structure of the Revised 

Parkinson’s Disease Sleep Scale (PDSS-R; Tse et al., 2005). Study 3 examined the 

relationship between self-reported sleep symptoms and cognitive function using 

factor scores derived from Study 2. Specifically, the objective of Study 3 was to 

investigate whether particular clusters of sleep symptoms differentially predicted 

scores on tests of memory (verbal learning, verbal recall, verbal recognition, pattern 

recognition, spatial recognition) and executive function (verbal fluency, spatial 

working memory, planning) in younger and older-onset PD. 

Study 4 involved a smaller sample of people with PD (N = 20) and case-

matched, neurologically-healthy controls. For each participant with PD, a healthy 

control who matched the participant for age, sex and number of years of formal 

education was recruited. The objective of this final study was to determine whether 
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objective sleep indices: total sleep time; sleep onset latency; wake after sleep onset; 

sleep fragmentation; AHI; hypoxia; and, time spent in sleep stages N2, N3 (slow 

wave sleep) or REM were predictive of memory and executive function. 

Furthermore, this study examined whether these sleep variables have different 

relationships with memory and EF in PD compared to healthy older adults. 

Studies 2 and 3 

Participants 

Between May 2009 and July 2013, 191 participants with idiopathic PD 

completed sleep research as part of their participation in the ParkC project. Sample 

characteristics are provided in Table 3.1.  

Table 3.1 

Descriptive Statistics for Participants from Studies 2 and 3 (N = 166) 

 M SD Min Max 

Age (years) 66.13 9.29 41.00 85.00 

Sex (% male) 66.3%    

Disease Duration (years) 5.44 4.97 0.33 27.00 

H&Y 1.83 0.64 1 4 

LED 594.00 450.63 0 1 2312.50 

MMSE (serial sevens) 27.60 1.68 212 30 

DASS total score 21.85 17.54 0.00 106.00 

AUSNART predicted verbal IQ 106.76 8.08 86.43 120.91 

Note. H&Y = Hoehn and Yahr score, a standardised rating of PD progression that ranges 

 from 1 (early PD, as evident by unilateral motor symptoms with no axial symptoms), to 5 

 (being wheelchair, or bed-bound; Goetz et al., 2004); LED = Levodopa equivalent dose, 1 

 Some newly-diagnosed participants had not yet begun medication; MMSE = Mini-Mental 

 State Examination score; DASS = Depression Anxiety and Stress Scale; AUSNART = 

 Australian National Adult Reading Test'. 2Although exclusion criteria included a score ≥24 

 on MMSE, provided participants scored above threshold on either the ‘words backward’ or 

 ‘serial sevens’ version of the test, they were included. This table reports only ‘serial sevens’ 

 data. 

 

Recruitment. Participants were recruited through Parkinson’s Western 

Australia newsletters, support groups and community events, via media exposure 

(radio, advertisements and community newspaper articles) and through referral from 



 Sleep and Cognition in Parkinson’s Disease 46 

 

health professionals (e.g. specialist PD support nurses). As the verbal cognitive tests 

required a high level of English proficiency all participants were native or near-

native English speakers.  

Exclusion Criteria. Participants were excluded from analysis if there was any 

neurological comorbidity (e.g. stroke, history of encephalitis, significant head injury 

resulting in loss of consciousness, ≥ 20 minutes, N = 9), if misdiagnosis was 

subsequently discovered at a later wave of testing, (N = 5); or if their score on the 

Mini-Mental State Examination was < 24 on entry to the study, (N = 11).  

Materials 

Questionnaires. 

Demographics questionnaire. All participants completed a demographics 

questionnaire which included questions about personal and family medical history, 

date of diagnosis, current medication regimen, marital status, ethnic background, 

years of formal education and occupation (or former occupation, if retired). 

 In order to control for the effects of medication, a levodopa equivalent dose 

(LED) was calculated for each participant using the formula reported by Brodsky, 

Godbold, Roth, & Olanow (2003). While levodopa is the mainstay of PD treatment, 

other dopaminergic compounds (such as dopamine agonists or COMT inhibitors) are 

also used, both before levodopa therapy is commenced and as adjunctive therapy. 

The LED is a standardised measure in which a dose of each medication used to treat 

PD has been identified as being equivalent to 100mg of levodopa (Tomlinson et al., 

2010). The formula to calculate an LED, therefore, allows all dopaminergic 

medications to be combined and compared on a standardised scale. 

 Parkinson’s disease sleep scale- revised (PDSS-R; Tse et al., 2005). The 

PDSS-R is a 15 item, self-completed scale, in which participants rate aspects of sleep 
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commonly affected in PD. The PDSS-R includes items pertaining to overall sleep 

quality, sleep initiation and maintenance, and also measures specific sources of sleep 

disruption including nocturia, nocturnal medication ‘wearing-off' symptoms, restless 

limb syndrome, REM sleep behaviour disorder (RBD) and sleep-related breathing 

difficulties (SRBD). The PDSS-R has a visual analogue response format, where 

participants are asked to mark a point on a 10cm horizontal line corresponding to 

their response. Scores on the PDSS-R are calculated by measuring from the 

beginning of the line to the point where the participant has marked (e.g. if a line was 

marked at 5.6 cms from the far left of the line; the participant's score for that item 

would be 5.6). Higher PDSS-R scores indicate poorer sleep and typically sleep that 

is disrupted in a greater number of ways. The PDSS-R takes approximately 5 

minutes to complete. 

Depression, Anxiety and Stress Scale (DASS-21; Henry & Crawford, 

2005). The DASS-21 is the short form of the Depression, Anxiety and Stress Scale 

developed by Lovibond and Lovibond (1995). It consists of 21 items measuring 

depression, anxiety and stress. The raw scores are doubled to make scores consistent 

with the original full scale (24 item) scores. The DASS-21 produces a sub-score for 

depression, anxiety and stress, as well as an overall, total score (negative affect). 

Higher scores indicate more severe psychopathology. Henry and Crawford (2005) 

reported excellent internal consistency with Cronbach’s alpha for the depression, 

anxiety and stress subscales of .88, .82 and .88, respectively, and Cronbach’s alpha 

for the total scale of .93. The DASS-21 has convergent validity (i.e. correlates 

significantly) with Beck Anxiety and Depression Inventory scores (Antony, Bieling, 

Cox, Enns, & Swinson, 1998). Additionally, the DASS-21 has discriminant validity, 

as evidenced by its ability to discriminate between healthy controls and patients with 



 Sleep and Cognition in Parkinson’s Disease 48 

 

anxiety or depressive disorders (Antony et al., 1998) and sensitivity to mood 

disturbance in PD (McNamara, Stavitsky, Harris, Szent-Imrey, & Durso, 2010; 

Troeung, Egan, & Gasson, 2014; Chong et al., 2015). The DASS-21 takes 

approximately 5 minutes to complete. 

Big Five Aspect Scale (BFAS; DeYoung, Quilty, & Peterson, 2007). 

Neuroticism was measured using the BFAS; a questionnaire consisting of 100 items, 

measuring 5 dimensions of personality: neuroticism, extraversion, openness to 

experience, agreeableness, and conscientiousness. A subscale is calculated for each 

dimension, with higher scores reflecting a greater propensity toward that personality 

trait. Throughout the sleep and psychology literatures there is a consistent and strong 

association between neuroticism, affective disorders and poor sleep (Espie, 2002; 

Harvey, Gehrman, & Espie, 2014). Personality and mood may confound the 

measurement of sleep as individuals with neurotic traits, or affective symptoms 

commonly report more severe sleep problems than those indicated by objective 

measurement (Fernandez-Mendoza et al., 2011). Interestingly, premorbid 

neuroticism predicts the development of PD (Bower et al., 2010), even in PD 

discordant monozygotic twins (Sieurin., et al. 2015). For these reasons, we were 

particularly interested in exploring the role of neuroticism. 

The internal consistency and test-retest reliability for the neuroticism sub-

scale of the BFAS are very good (α = .89; and r = .85, respectively; DeYoung et al., 

2007).  The BFAS demonstrates good convergent validity with other scales based on 

the five-factor structure of personality. The neuroticism subscale of the BFAS and 

the NEO-Personality Inventory is .84; and the correlation between neuroticism 

subscales in the BFAS and Big Five Inventory is .75 (DeYoung et al., 2007).  The 

BFAS takes approximately 10-15 minutes to complete. 
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ParkC Neuropsychological and Motor Assessment  

Participants attended ParkC for assessment of cognitive performance and 

motor symptoms of PD. This assessment took approximately 2.5 hours and rest 

breaks were offered, as needed. Between 2-5 years after beginning levodopa, many 

PD patients begin to experience ‘break-through’ motor and non-motor symptoms 

between medication doses (‘wearing off’;Stacy & Hauser, 2007). Symptoms 

typically abate between 15 and 45 mins following administration of medication 

(Stacy & Hauser, 2007). To ensure all participants were tested in a medication ‘on’ 

state, appointments were scheduled approximately 1 hour after a regularly scheduled 

medication time.  

 Tests are reported in the order in which they were administered. A summary 

of neuropsychological tests by cognitive domain and sub-domain is presented in 

Table 2.  

The Mini-Mental State Examination (MMSE; Folstein, Folstein, & 

McHugh, 1975). The MMSE was administered to gauge global cognitive ability and 

capacity to consent to participate in the ParkC study. The MMSE is a short form 

assessment that measures orientation to date and location, memory, naming, 

following instructions, and writing a sentence (Folstein et al., 1975). A cut-off score 

of ≥ 24 was used, taking the highest score from either of the 2 working memory 

components (‘world backwards’ or ‘serial sevens’; Ganguli et al., 1990), (Emre et 

al., 2007).  The MMSE takes approximately 5-10 minutes to administer. 

Australian National Adult Reading Test (AUSNART;  Hennessy & 

Mackenzie, 1995). The AUSNART was used to estimate premorbid IQ, for the 

purpose of later controlling for premorbid IQ in analyses. The AUSNART is a 

version of the National Adult Reading Test (NART) developed by Nelson and 



 Sleep and Cognition in Parkinson’s Disease 50 

 

O’Connell (1978), adapted for an Australian population. Improved reliability and 

validity for the AUSNART as compared to the NART have been reported when 

administered in an Australian sample, (Hennessy & Mackenzie, 1995). Therefore, 

the AUSNART was determined to be appropriate for our sample. 

 Participants were asked to read 50 irregular nouns (e.g. the AUSNART 

includes words such as echidna and acacia). Error scores were then combined with 

age, sex and years of education, using a regression equation (Sullivan, Senior, & 

Hennessy, 2000) to estimate premorbid verbal IQ: Weschler Adult Intelligence Scale 

III Verbal IQ = (110.51- 0.48 * #AUSNART errors) + (2.97*Education Code) –

(3.01*Sex): where Education code equals 1, for less than 9 years of formal 

education; 2, for 9 to 10 years; 3, for 11 to 12 years; 4, for 13 to 15 years and 5, for 

≥16 years; and Sex equals 1 for male and 2 for female. The AUSNART takes 

approximately 5-10 minutes to administer. 

  The rationale for using a reading test to estimate premorbid cognitive ability 

is based first on the premise that reading ability is highly correlated with IQ (Bright, 

Jaldow, & Kopelman, 2002), and secondly on the observation that reading is a skill 

that is relatively robust to neural injury or illness, and typically does not deteriorate 

without significant neurological insult (Crawford, Deary, Starr, & Whalley, 2001). 

As such, the NART is recommended by the MDS as an estimate of premorbid 

intelligence in PD (Litvan et al., 2012). 

The Hopkins Verbal Learning Test-Revised (HVLT-R; Brandt & Benedict, 

1991). Episodic verbal memory, (encompassing the sub-domains of verbal learning, 

delayed verbal recall and delayed verbal recognition) was assessed using the HVLT-

R. The HVLT-R consists of a list of 12 nouns from 3 distinct semantic categories 

(animals, gemstones and dwellings). In the learning phase, the word list is read to 



 Sleep and Cognition in Parkinson’s Disease 51 

 

participants 3 times at a rate of 1 word per second. After each reading of the list, 

participants are asked to recite all the words that they remember. A 25-minute delay 

preceded a delayed recall trial, in which participants were asked to recite all 

remembered words. In the recognition trial, a list of 24 words was read to 

participants consisting of the 12 words from the original list (target words), 6 

semantically related distractors and 6 semantically unrelated distractors. Participants 

were required to say ‘yes’ if the word was on the list they had learned and ‘no’ if it 

was a new word. Administration time (excluding the delay interval of 25 minutes) 

for the HVLT-R is approximately 10 minutes.  

The HVLT-R provides outcome measures for total recall (total of words 

learned in 3 learning trials), delayed verbal recall (number of words recalled 

following a 25-minute delay); and delayed verbal recognition (number of words 

correct in recognition trial, corrected for false positives). The HVLT-R has good test-

retest reliability in older adults using parallel forms (r  = .74 for total recall trials; 

Benedict, Schretlen, Groninger, & Brandt, 1998). The HVLT-R has been used in PD 

and is recommended for assessment of memory in a PD population by the MDS 

(Litvan et al., 2012).  

Controlled Oral Word Association (COWA; Benton, 1968). COWA (FAS) 

was used as a measure of verbal fluency. This task consists of 3, 60-second trials in 

which participants are asked to name as many words as they can that begin with a 

particular letter (F, A, S). Participants are instructed that the only words they may 

not list are proper nouns, and they were not to repeat a word only adding a different 

suffix; these are considered rule breaks. The COWA score is calculated as the sum of 

correct words named across the 3 trials, minus any rule breaks or repetitions. 

Administration of the COWA takes approximately 5 minutes. 
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 People with PD frequently demonstrate poorer performance on the COWA, 

relative to age-matched controls (see Kudlicka, Clare, & Hindle, 2011 for a review). 

Test-retest reliability using parallel forms is good (r = .73; Ruff, Light, Parker, & 

Levin, 1996) and the COWA is recommended by the MDS for use in PD (Litvan et 

al., 2012). 

Cambridge Neuropsychological Test Automated Battery (CANTABTM). Four 

subtests were used from the CANTABTM research suite software package. The 

CANTAB™ is an automated neuropsychological test battery which is administered 

via a touchscreen interface with standardised, scripted instructions.  

Spatial Working Memory (SWM). Working memory was assessed using the 

spatial working memory sub-test of the CANTABTM. This task requires participants 

to search for tokens hidden behind an array of coloured boxes set against a black 

background. Different coloured boxes are used for each trial, as a visual cue that a 

new trial has begun. Participants are advised that a token will only be hidden behind 

each box once and that they are to avoid returning to search boxes where a token has 

already been found.  Demands on working memory increase with task complexity 

(i.e. as more boxes are added to the array). The task begins with 4 practice trials 

consisting of 3 boxes, followed by 4 test trials each with 4, 6 and 8 boxes. The 

outcome variable used for this measure was total number of errors (the number of 

times participants returned to a box where a token had already been found or had 

returned to search a box previously found to be empty). In a study examining the 

reliability of CANTABTM tests administered twice, with a 4-week interval, Lowe & 

Rabbitt (1998) reported test-retest reliability of (r = .68) for the total errors variable 

of SWM.  



 Sleep and Cognition in Parkinson’s Disease 53 

 

 SWM has demonstrated sensitivity to spatial working memory deficits, even 

in relatively early PD (Owen et al., 1992; Owen et al., 1993). Administration of 

SWM takes approximately 10-15 minutes.  

Pattern Recognition Memory (PRM; Sahakian et al., 1988). Visual 

recognition memory was assessed using PRM. This task consists of 2 trials, each 

containing of a series of 12 abstract images, which are presented individually in the 

centre of the screen, against a black background for three seconds. The response 

(recognition) phase is a two-item, forced-choice design. In this phase, the participant 

must identify the target (one of the pictures presented in the learning phase of the 

task), from alongside a distractor (an abstract image sharing similar features to the 

target image). The outcome measure used for this task was the percentage of overall 

correct responses. Administration of PRM takes approximately 5 minutes. 

PRM has good test-retest reliability (r = .84; Lowe & Rabbitt, 1998) and 

sensitivity to deterioration of visual memory processes associated with advancing 

PD (Sahakian et al., 1988) and non-tremor dominant sub-type PD (Lewis et al., 

2005). 

Spatial Recognition Memory (SRM; Sahakian et al., 1988). Spatial 

recognition memory was assessed using the SRM sub-test from the CANTAB™. 

This task consists of 4 blocks of 5 trials, where 5 identical white boxes are presented 

individually at various locations on a black screen. The test phase is a two-item, 

forced-choice paradigm, where 2 white boxes appear on the screen and the 

participant is instructed to select the box that is in the same location as one of the 

target stimuli presented earlier. The outcome measure used for SRM was the 

percentage of correct responses.  Administration of SRM takes approximately 5 

minutes. 
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 SRM has a test-retest reliability of r = .57 (Lowe & Rabbitt, 1998) and has 

demonstrated sensitivity to evolving cognitive dysfunction with PD progression 

(Williams-Gray, Foltynie, Brayne, Robbins, & Barker, 2007).  

Stockings of Cambridge (SOC). Planning was assessed using SOC, a 

computerised task similar to the Tower of Hanoi.  Participants are shown a split-

screen display with 2 arrangements of 3 coloured balls sitting in 3 pockets. 

Participants are asked to replicate the arrangement of balls displayed in the top half 

of the screen by rearranging the balls in the bottom half of the screen. Task 

complexity increases with the number of moves required to solve the problem (2, 2-

move problems; 2, 3-move problems; 4, 4-move problems; 4, 5-move problems). 

The outcome measure for SOC was the number of problems solved in the minimum 

number of moves (maximum score is 12). Administration of SOC takes 

approximately 10 minutes. 

 SOC has reasonable test-retest reliability (r = .60; Lowe & Rabbitt, 1998) 

and is sensitive to evolving executive dysfunction with disease progression in PD 

(Owen et al., 1992; Williams-Gray et al., 2007). SOC is recommended by the MDS 

for the assessment of executive function in PD (Litvan et al., 2012).  
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Table 3.2. 

Summary of Cognitive Domains Assessed, with Corresponding 

Neuropsychological Tests 

Cognitive Domain Sub-Domain Test 

Global Cognitive 

Function 

 Mini Mental State Examination 

 Premorbid IQ Australian National Adult Reading 

Test 

Memory Verbal Learning Hopkins Verbal Learning Test 

 

 Long Term Verbal Recall Hopkins Verbal Learning Test 

 

 Long Term Verbal 

Recognition 

Hopkins Verbal Learning Test 

 

 Visual Recognition 

Memory 

CANTAB™ Pattern Recognition 

Memory 

 Spatial Recognition 

Memory 

CANTAB™ Spatial Recognition 

Memory  

Executive Function Verbal Fluency Controlled Oral Word Association 

Test (F,A,S) 

 Working Memory CANTAB™ Spatial Working 

Memory  

 Planning CANTAB™ Stockings of Cambridge  

 

Assessment of Motor Symptoms/ Disease Progression 

Unified Parkinson’s Disease Rating Scale (UPDRS; Goetz et al., 2008). 

Motor symptom severity of PD was assessed using Part III of the UPDRS by a 

trained research assistant. The motor subscale of the UPDRS consists of 18 items 

assessing a range of behaviours, including speech and facial movements, hand, 

finger and leg movements, resting and kinetic tremor, rigidity, gait, posture and 

postural stability, freezing, dyskinesia and dystonia. Each item is rated using a 5-

point scale where a rating of 0 indicates no observed symptoms; 1 ‘slight'; 2 ‘mild'; 3 

‘moderate' or 4 ‘severe'. For each item, a description of symptoms is provided in 

order to ensure standardised ratings, for example: 
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Item 3.5 HAND MOVEMENTS…. 

Rate each side separately, evaluating speed, amplitude, hesitations, halts and 

decrementing amplitude.  

0: Normal: No problems. 

1: Slight: Any of the following: a) regular rhythm is broken with 1 or  

  interruptions or hesitations of the movement; b) slight  

  slowing; c) the amplitude decrements near end of the task. 

2: Mild : Any of the following: a) 3-5 interruptions during the  

   sequence; b) mild slowing; c) The amplitude decrements 

   midway in the task. 

3: Moderate: Any of the following a) more than 5 interruptions or at least 1 

   longer arrest (freeze) in ongoing movement; b) moderate  

   slowing; c) the  amplitude decrements after first open-close 

   sequence. 

4: Severe:  Cannot or can only barely perform the tap because of slowing, 

interruptions or decrements. 

        (Goetz et al., 2008, p. 2159) 

 

Both movement and tremor items are assessed bilaterally, with the 

participant's unaffected, or least affected side observed first. All participants were 

tested in a medication ‘on' state. Scores for this subscale of the UPDRS range from 

0-108, with higher scores indicating more severe motor symptoms.  The UPDRS has 

excellent internal consistency (α = .93) and test-retest reliability (intraclass 

correlation coefficient r = .93; Martinez-Martin et al., 2013). In order to ensure 

consistent and accurate rating, UPDRS examinations were recorded and later 

reassessed by a second trained researcher.   

Included in the UPDRS motor assessment is the Hoehn and Yahr score (H&Y; 

Goetz et al., 2004, 2008), which is a 5-point measure of PD staging ranging from 
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early motor presentation with only unilateral motor symptoms (Score = 1), to late-

stage disease where the individual is wheelchair or bed-bound (Score = 5).   

Study 4 

Study 4 examined sleep quality using a range of different metrics (e.g. sleep 

onset latency, total sleep time, the percentage of time in N3 or slow wave sleep 

(SWS), the percentage of time in REM and measures of sleep fragmentation) in 

people with PD and matched controls. Study 4 also examined whether PD moderated 

the effect of different aspects of sleep on memory and EF. 

Participants 

Twenty people with PD and 20 healthy controls were included in study 4. 

Participants were recruited between June 2012 and January 2015. The PD group was 

recruited from the ParkC cohort, through advertisements in the Parkinson’s Western 

Australia newsletters and through media coverage. Matched case-controls were 

recruited through the Western Australia Participant Pool (a pool of research 

volunteers > 50 years, maintained at The University of Western Australia by 

Associate Professor Romola Bucks), and a list of prior research participants 

maintained at Curtin University by Dr Andrea Loftus. Healthy controls were 

matched to each participant on the basis of age, sex and years of education. Both PD 

and control participants were subject to the same exclusion criteria as for studies 2 

and 3. Participants were not included in the study if there was any neurological 

comorbidity (e.g. stroke, history of encephalitis, significant head injury resulting in 

loss of consciousness (≥ 2 minutes) or if their score on the Mini-Mental State 

Examination was < 24. Participants who had undergone deep brain stimulation were 

also excluded.  Following neuropsychological assessment, the UPDRS was also 

administered to control participants to ensure that they did not demonstrate any signs 
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of undetected PD. Demographic information for both the PD and the healthy control 

group is presented in Table 3.3 

Table 3.3 

Demographic Data for PD and Control Groups 

 PD  Control 

 M SD Min Max  M SD Min Max 

Age 68.05 9.89 39 82  67.70 10.06 37 83 

Years Education 13.65 3.74 7 22  13.40 2.41 9 18 

AUSNART 

predicted verbal IQ 

108.40 9.11 89.70 120.91  111.44 6.15 94.29 117.90 

MMSE (Max=30) 27.95 1.70 24 30  28.40 1.47 25 30 

Disease Duration 

(yrs) 

5.11 3.78 0.41 12.83  - - - - 

UPDRS motor 

score 

31.05 10.60 12 60  - - - - 

LED 581.40 485.64 0 1980  - - - - 

Note: AUSNART = Australian National Adult Reading Test; MMSE = Mini-Mental State 

 Examination; UPDRS = total score from the Revised Unified Parkinson’s Disease Rating 

 Scale- Part III; LED = Levodopa equivalent dose 

 

General Procedure 

Individuals from the ParkC cohort (N = 15) were invited to participate in a 

sleep study at the time of regular follow-up testing. Participants were then contacted 

by M.P. and polysomnography (PSG) was scheduled for within 4 weeks of cognitive 

and motor assessment. Newly recruited participants with PD (N = 5) and control 

participants (N = 20) were scheduled for both cognitive and motor assessment and a 

single night of PSG, within a 4-week time period. Neuropsychological and motor 

assessments were administered in a single session (lasting approximately 2.5 hours), 

with breaks offered as needed. 

The neuropsychological assessment procedure in Study 4 was unchanged from 

Study 3. However, while raw scores (as described above) were used in the path 

analyses reported in Chapter 5, Study 4 (Chapter 6) used a far smaller sample. To 

maximise power in this smaller study, we converted raw neuropsychological test 
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scores to age-normed z-scores using normative data, obviating the need to covary for 

age in our models. The statistical procedures and normative data used are described 

in Chapter 6.  

Sleep Assessment  

Polysomnography was conducted using portable Somté PSG systems 

manufactured by Compumedics (Abbotsford, Australia). Each participant completed 

a single night of PSG in their own home. Ambulatory PSG was used rather than in-

lab studies, primarily due to increased ecological validity. When home PSG and in-

lab PSG are compared, patients tend to fall asleep more quickly, sleep longer, have 

higher sleep efficiency and spend more time in deep sleep at home than in the lab 

(Bruyneel et al., 2011). Measures indicating sleep disorder, such as the apnoea-

hypopnoea index (AHI; an indicator of SRBDs), are comparable in both 

environments (Bruyneel et al., 2011). Extensive liaison with Parkinson’s Western 

Australia and patient representatives on the ParkC Scientific Steering Committee 

revealed a strong preference for home testing, on the grounds that testing in the 

home environment is more comfortable and less disruptive for both participants and 

caregivers. 

 The Somté PSG system has been validated against in-lab PSG (Ferré et al., 

2012) and meets criteria for a Level 2 sleep assessment in accordance with the 

American Association of Sleep Medicine (AASM), which requires a minimum of 7 

channels that must include electroencephalogram (EEG), electrooculogram (EOG), 

submental electromyogram (EMG), electrocardiogram (ECG), airflow, respiratory 

effort and oxygen saturation (Flemons et al., 2003).  

 It must be noted that there are 2 main disadvantages to portable PSG. First is 

the lack of video recording, which is helpful for identifying movements during REM 
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that are characteristic of RBD (Aurora et al., 2010). Second, unattended studies are 

more likely to lose signal quality during the night than laboratory studies, where a 

sleep technologist is in attendance. Campbell and Neill (2011) compared in-lab and 

portable PSG recordings in a sample of 30 sleep clinic patients (repeated measures 

design). While they found that unattended studies lost some data during recording, 

93% of home studies were of acceptable quality for analysis and sleep parameters 

were highly concordant with those obtained during in-lab PSG. To minimise 

potential data loss, M.P. (a trained sleep technician) set up all sleep studies 

approximately an hour before participants’ usual bed times, in their own homes.  

The validity of Level 2 studies is well-established, with large studies such as 

the Sleep Heart Health Study (SHHS; N=6697) employing home PSG (Redline et 

al., 1998). When the SHHS group examined the reliability of home PSG compared 

to laboratory PSG, they reported excellent concordance between the two 

measurement systems, with only minor discrepancies on sleep quality indices (sleep 

efficiency and total sleep time were greater in the home environment), and slight 

inconsistencies in the respiratory disturbance index (Iber et al., 2004). Level 2 

studies have previously been used in PD (e.g. Manni et al., 2002; Placidi et al., 

2008). 

Data Collected from Polysomnography. 

Electroencephalogram (EEG). Two EEG channels were recorded (central and 

occipital), with electrodes placed according to the international 10-20 system for 

electrode placement. The central electrode was placed over C4 and referenced to 

Mastoid 1 (M1), and the occipital electrode was placed over O1 and referenced to 

Mastoid 2 (M2). The EEG waveform is the primary determinant of sleep stage. 
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 Electromyogram (EMG). Two EMG electrodes were placed under the chin 

to measure sub-mandibular muscle tone. These were used for assessing muscle tone 

during sleep to assist with sleep staging.  

 Electrooculogram (EOG). There were three electrodes in total, one below 

the outer canthus of each eye and a third centrally on the forehead. EOG was used to 

measure eye movements, which help discriminate between sleep stages due to 

characteristic patterns in eye movement during the transition from wake to sleep, and 

most notably, in REM sleep. 

 Electrocardiogram (ECG). Two electrodes were placed, at the mid-point of 

the left and the right clavicle. ECG was used to measure heart rate and rhythm.  

Thermistor. A thermistor (thermocouple) was placed between the nose and 

mouth to measure breathing rate and regularity via temperature change. The signal 

from the thermistor is used for the identification of apnoea. 

Nasal Cannula. A nasal cannula positioned inside the nostrils was used to 

detect airflow (via pressure) and snore (via vibration). Signal from the nasal cannula 

is used to detect hypopnoea.  

Respiratory Inductive Plethysmography. Two respiratory effort bands were 

placed: one around the thorax, and one around the abdomen. The presence or 

absence of respiratory effort during an apnoeic event indicates whether the event is 

obstructive, central or mixed. 

Oximeter. An oximeter was placed on a finger of the non-dominant hand to 

record oxyhaemoglobin saturation.  

Piezoelectric Sensors. A piezoelectric sensor was taped to the mid-point of 

the left and right anterior tibialis. The piezoelectric sensors recorded leg movements 
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suggestive of sleep disorders such as restless leg syndrome or periodic limb 

syndrome. 

Table 3.4 

Summary of equipment placement and purpose during overnight  

 polysomnography 

 Instrument Placement Purpose 

Electroencephalogram 

(EEG) 

2 exploring 

electrodes & 2 

reference 

electrodes 

Central electrode 

placed over C4 

referenced to M1; 

Occipital electrode 

placed over 01 

referenced to M2 

Sleep Staging 

Electrooculogram 

(EOG) 

2 exploring 

electrodes & 1 

reference 

electrode  

Exploring electrodes 

placed 1 cm below 

outer canthus of each 

eye, reference 

electrode placed in 

centre of forehead 

Eye movements used for 

staging sleep, especially 

sleep onset and REM 

Electromyogram 

(EMG) 

2 exploring 

electrodes  

Underneath chin Muscle tension aids in sleep 

staging, can provide 

supporting information 

about RBD (loss of atonia 

during REM), or for 

detection of movement 

consistent with Bruxism 

Electrocardiogram 

(ECG) 

2 exploring 

electrodes 

 

On the mid-point of 

each clavicle 

Heart rate 

Pulse Oximetry One infrared 

light sensor 

Attached to a finger Blood oxygen saturation 

Piezoelectric sensors 2 piezoelectric 

sensors 

1 sensor attached to 

the midpoint of the 

anterior tibialis of 

each leg 

Leg movements assist in 

identification of periodic leg 

movements and associated 

arousals, restless legs 

Nasal Pressure 1 nasal cannula Placed inside nostrils Nasal pressure used to 

identify hypopnoeas 

Thermistor 1 thermocouple Placed under the 

nose and over the 

upper lip 

Signal from the thermistor 

used to identify apnoea 

Respiratory Inductive 

Plethysmography 

2 respiratory 

effort bands 

1 band placed over 

the thorax, 1 band 

placed over the 

abdomen 

Respiratory effort 

differentiates obstructive, 

mixed and central apnoeas 

A number of complexities make scoring sleep studies in PD challenging. 

First, EEG amplitude decreases even in healthy older adults, making it more difficult 
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to distinguish events, (Raju & Radtke, 2012). Second, EEG changes in PD can make 

it more difficult to differentiate sleep stages, (Compta et al., 2009; Diederich, 

Vaillant, Mancuso, et al., 2005). Third, as noted, signal quality may be reduced in 

portable PSG devices compared to in-lab PSG (Campbell & Neill, 2011; Redline et 

al., 1998). In light of these complexities, a highly qualified sleep technologist (M.Sc 

(Sleep Medicine); RPSGT (Registered Polysomnographic Technician)) was 

employed to score the current PSG data. The sleep technologist had extensive 

experience in both scoring studies collected with ambulatory systems and scoring 

neurological studies. 

Scoring criteria and outcome variables derived from PSG are described 

below. 

Scoring Sleep Stages. 

Sleep stages were scored in accordance with American Association of Sleep 

Medicine guidelines (AASM, 2012). Each study was divided into sequential, 30-

second epochs with each epoch labelled W (wake); N1 (stage 1 NREM sleep); N2 

(stage 2 NREM sleep); N3 (stage 3 NREM or slow wave sleep; SWS) or R (rapid 

eye movement sleep; REM). In the case of an epoch containing more than one stage, 

it was categorised as the stage which predominated in that epoch (i.e. > 50% of the 

time was spent in that stage). AASM criteria for sleep staging are described below. 

Wake. Stage W is characterised by alpha rhythm (sinusoidal 8-13 Hz 

activity) that is attenuated when eyes are open; eye blinks (vertical eye movements at 

a frequency of 0.5-2Hz with the eyes open or closed); reading eye movements or 

rapid eye movements in addition to normal or increased chin muscle tone. 

N1. N1 is identified when alpha waveforms no longer appear in the EEG 

recording; slow rolling eye movements (reasonably regular sinusoidal eye 
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movements usually lasting longer than 500ms) are also observed in the transition 

from W to N1. In people who do not display alpha rhythm, N1 is scored from the 

earliest appearance of 1) low amplitude EEG activity (4-7 Hz); 2) Vertex sharp 

waves: sharply contoured waves over the central region lasting for approximately < 

0.5 seconds, and 3) slow eye movements. 

N2. N2 is characterised by the presence of K-complexes (a sharp negative 

deflection in EEG, followed immediately by a sharp positive deflection) that are not 

associated with arousals (>1 second must pass between a K complex and an arousal), 

and sleep spindles (a train of distinct waves in the frequency of 11-16 Hz, with a 

duration ≥ 0.5 seconds). N2 is scored when K complexes or sleep spindles are 

observed in the first 15 seconds of an epoch or the second 15 seconds of the 

preceding epoch and is scored continuously until an arousal, a major body movement 

or transition to stage W, N3 or R. 

N3. An epoch is scored as N3 when 20% or more of that epoch consists of 

high amplitude, low frequency (> 75µV, 0.5-2Hz) waveforms. 

REM. Stage R is characterised by low amplitude, mixed frequency EEG 

waveforms, low chin EMG tone and rapid eye movements (simultaneous, irregular 

eye movements with initial deflection usually lasting < 500 msec). REM is scored 

continuously following one epoch fulfilling the above criteria, provided that the EEG 

continues to show low amplitude, mixed frequency activity with an absence of K-

complexes or sleep spindles. REM sleep terminates when there is a transition to W 

or N3; when chin muscle tone increases and EEG criteria for stage N1 are met; when 

an arousal or major body movement occurs and is followed by EEG activity meeting 

criteria for stage N1 or when non-arousal K complexes or sleep spindles are recorded 



 Sleep and Cognition in Parkinson’s Disease 65 

 

in the first 15 seconds of the epoch and no rapid eye movements are present; N2 is 

now scored. 

Event Scoring. 

Arousals. Arousals are scored in any sleep stage if there is a rapid transition of 

EEG frequency (>16 Hz, lasting longer than 3 seconds) following a period of stable 

sleep lasting at least 10 seconds. Arousal during REM is accompanied by an increase 

in chin EMG lasting at least 1 second.  

Respiratory Events. In accordance with AASM guidelines, all respiratory 

events are scored from the nadir of the first disrupted breath to the commencement of 

the first breath returning to estimated baseline amplitude (AASM, 2012). 

Apnoeas. 

Obstructive. Obstructive apnoeas are scored when there is a drop in amplitude 

of the signal derived from the thermistor of at least 90%, continuing for at least 10 

seconds. In order to be classified as an obstructive apnoea, there must be evidence of 

sustained or increased respiratory effort for the duration of the event. 

Central. Central apnoeas are scored when the signal recorded from the 

thermistor decreases in amplitude by at least 90%, for at least 10 seconds. Central 

apnoeas are defined by an absence of respiratory effort for the duration of the event. 

Mixed. Mixed apnoeas are scored when there is a drop in amplitude of the 

signal derived from the thermistor of at least 90%, continuing for at least 10 seconds. 

In a mixed apnoea, there is an absence of respiratory effort in the beginning of the 

event, with respiratory effort resuming in the latter part of the event. 

Hypopnoea. Hypopnoeas were scored using AASM recommended (A) criteria 

(AASM, 2012). Under these criteria, a hypopnoea is scored when nasal pressure 

(recorded by nasal cannula) drops by at least 30% from baseline amplitude and lasts 
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for a duration of at least 10 seconds. The reduction in nasal pressure must be 

accompanied by a simultaneous desaturation of at least 3% from baseline oxygen 

saturation and/or a cortical arousal. 

Apnoea-Hypopnoea Index (AHI). The apnoea-hypopnoea index is a measure 

of severity of sleep-related breathing disturbance and is calculated by summing the 

total number of apnoeas (obstructive, central and mixed) and hypopnoeas and 

dividing this by the total number of hours spent asleep. Categories of sleep-related 

breathing disorder severity are as follows: Normal- AHI ≤ 5; Mild- AHI < 15; 

Moderate- AHI < 30; Severe- AHI ≥ 30 (Epstein et al., 2009). 

Outcome variables derived from PSG are described in Table 3.5. 

Table 3.5. 

Description of outcome variables derived from polysomnography 

Metric Description 

Total Recording Time (mins) Time between lights off and lights on 

Total Sleep Time (TST; mins) Total number of minutes scored as sleep 

Sleep Onset Latency (SOL; mins) Time between lights out and first epoch of sleep (any stage) 

Wake After Sleep Onset (WASO; 

mins) 

Time spent in W between the first epoch of sleep and ‘lights 

on’ (includes all wake activity, even time out of bed) 

Sleep Efficiency (%) (Total sleep time/ Total recording time) x 100  

Time in N2 (%) (Time in N2/ Total sleep time) x 100 

Time in SWS (%) (Time in SWS/ Total sleep time) x 100 

Time in REM (%) (Time in REM/ Total sleep time) x 100 

Apnoea Hypopnoea Index (AHI) Number of respiratory events (apnoeas + hypopnoeas per 

hour of sleep) 

Mean oxygen saturation Average blood oxygen level during sleep study 

Minimum oxygen saturation Lowest oxygen saturation during sleep study 

Respiratory Arousal Index Number of arousals associated with a respiratory event per 

hour of sleep 

Periodic Leg Movement Arousal 

Index 

Number of arousals associated with a leg movement per 

hour of sleep  

 



 Sleep and Cognition in Parkinson’s Disease 67 

 

CHAPTER 4: A CONFIRMATORY BIFACTOR ANALYSIS OF THE    

PDSS-R 

Preface 

Sleep disturbance in PD is multifactorial and heterogeneous. In addition to the 

primary effect of neuropathology on sleep regulatory structures in the central 

nervous system, motor symptoms, medication and mood disturbance all frequently 

perturb sleep. 

A relative lack of data regarding the impact of different types of sleep 

disturbance on cognition was identified in the meta-analysis reported in Chapter 2. 

Accordingly, in Study 2, presented in this chapter, we have used the Parkinson’s 

Disease Sleep Scale-Revised to measure the severity of a range of common sleep 

problems in PD.  

In Chapter 5, self-reported sleep symptoms were used as predictors of 

cognition in path analyses. Prior to doing so, the Parkinson’s Sleep Scale-Revised 

was modelled within a multidimensional framework; and the resulting confirmatory 

bifactor model was compared to traditional factor analytic models for goodness-of-

fit. This CFA analysis is described below.  

This chapter will be submitted for publication in the journal PLoS One 

Authorship will be as follows: Pushpanathan, M.E., Loftus, A.M., 

Timms, C.F., Gasson, N., Thomas, M.G. and Bucks, R.S. 
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Abstract 

Background: The Parkinson’s Disease Sleep Scales (PDSS) evaluate the severity of 

a range of symptoms impacting sleep in Parkinson’s disease (PD). There is 

considerable variation in how scores are used, and little evidence these scales have 

stable factor structures. We suggest that PDSS items are multidimensional (i.e. items 

measure constructs in addition to sleep disruption) and demonstrate this principle by 

applying a multidimensional measurement model to the Parkinson’s Disease Sleep 

Scale-Revised (PDSS-R). 

Objectives: To determine whether a confirmatory bifactor model best fits the PDSS-

R. We hypothesised that there would be differential associations between sample 

parameters and PDSS-R factors, providing evidence for multidimensionality. 

Methods: We compared 3 models; a unidimensional model; a 3 factor model 

consisting of sub-factors measuring insomnia, motor symptoms and OSA and RBD 

symptoms; and, a confirmatory bifactor model with both a general factor and the 

same 3 sub-factors. 

Results: Only the confirmatory bifactor model achieved satisfactory model fit. 

Higher general sleep factor scores were associated with longer disease duration, 

higher levodopa dose, greater neuroticism and poorer mood. Higher insomnia scores 

were associated with poorer mood, higher levodopa dose, and younger age. Men had 

higher OSA and RBD factor scores than women. 

Conclusions:  A confirmatory bifactor model is useful for modelling PDSS data. 

Associations with sample parameters suggest that the general factor and the 

insomnia sub-factors may be strongly influenced by mood or personality while the 

OSA and RBD symptoms factor may be a purer measure of sleep symptoms.  
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A Confirmatory Bifactor Analysis of the Parkinson’s Disease Sleep Scale –

Revised (PDSS-R) 

Disturbed sleep in Parkinson’s disease (PD) is exceedingly common and is 

associated with low mood, cognitive impairment and decreased health-related quality 

of life (Pandey, Bajaj, Wadhwa, & Anand, 2016; Ylikoski, Martikainen, Sieminski, 

& Partinen, 2015). While polysomnography is well-established as the most reliable 

way to detect most sleep disorders and to observe sleep architecture, it can be 

impractical. Consequently, self-report methods, such as questionnaires, are routinely 

used. The Movement Disorders Society recommends six questionnaires for 

measuring sleep in PD (Högl et al., 2010). Of these, the PDSS (Chaudhuri et al., 

2002) is the only scale that comprehensively measures the array of symptoms that 

commonly disrupt sleep in PD. The Parkinson’s Disease Sleep Scale-Revised 

(PDSS-R) was proposed by Tse et al.  (2005), and  included 2 items to measure sleep 

apnoea (OSA) and an item measuring violent behaviours in order more directly to 

assess RBD. In our view, these changes were important improvements to the PDSS, 

particularly for exploring relationships between sleep and cognition, as sleep apnoea 

and RBD are common in PD (Högl et al., 2010) and are associated with significant 

cognitive problems in their own right (Bucks et al., 2013; Iranzo et al., 2005). 

 Because the PDSS questionnaires quantify the ways in which sleep is 

disrupted in PD, these scales have become widely used. Applications range from 

examining the relationship between non-motor symptoms (e.g. Lee & Weintraub, 

2012), to comparing the impact of PD symptoms on sleep quality across different 

populations (e.g. Pellecchia et al., 2012), and as an outcome measure for intervention 

studies (Chaudhuri et al., 2012; Honig et al., 2009; Trenkwalder et al., 2011). 

Although several psychometric studies have been published comparing the PDSS to 
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other validated sleep scales (Martinez-Martin et al., 2008; Suzuki et al., 2015) 

relatively little is known about the factor structure of these measures. Moreover, 

there is variability in how PDSS scores are used: some studies create theoretically 

grouped item parcels and derive sub-scores from summed item scores, for example, 

Stefansdottir, Gjerstad, Tysnes and  Larsen, (2012); others analyse both total PDSS 

scores and individual item scores, for example, Dhawan et al. (2006). With regard to 

the PDSS-2 (Trenkwalder, et al., 2011;  a variant of the PDSS published after data 

collection for this study had commenced); an exploratory factor analysis has been 

published proposing either a 1 or 3 factor solution; studies using this version opt 

either to report 3 sub-scores, consistent with the 3 factor solution, for example, 

Horváth et al. (2014); or the total score in addition to the 3 sub-scores (e.g. 

Stefansdottir et al., 2012).  

Bifactor analyses can help resolve ambiguity in situations such as this, where 

both a single and multi-factor solution have been suggested. If all items load most 

strongly onto the general factor, this suggests the scale measures a single latent 

construct and should not be divided into subscales. If, however, items load more 

strongly on their subscales than the general factor, this provides evidence that the 

scale is measuring several constructs and subscales are helpful (Reise, Morizot, & 

Hays, 2007).     

The additional benefit of bifactor modelling over traditional factor analytic 

techniques, however, is that it allows for item multidimensionality. Sleep quality in 

PD is affected by disease duration, disease severity, and levodopa dose (Dhawan et 

al., 2006; Sixel-Döring et al., 2012).  More generally, sleep is also affected by age 

(Martin, Shochat, & Ancoli-Israel, 2000), personality (Dorsey & Bootzin, 1997) and 

mood (Fernandez-Mendoza et al., 2011). Whilst traditional factor analytic techniques 
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assume that each item loads uniquely onto a single dimension, PDSS items may be 

better represented by a multidimensional measurement model. That is, a model that 

allows items simultaneously to measure more than one construct.  Morin, Arens, 

and, Marsh, (2015) describe the concept of construct relevant multidimensionality, 

‘…items are very seldom pure indicators of the constructs they are purported to 

measure. Rather, they tend to be fallible indicators including at least some degree of 

relevant association with constructs other than the main constructs that they are 

designed to measure.’ (p.6) Item multidimensionality has been researched 

extensively in the health sciences and confirmatory bifactor models have recently 

emerged as a technique for accommodating multidimensionality (Reise, 2012). A 

bifactor model partials out covariance common to all scale items into a single, 

‘general’ factor while simultaneously identifying sub-factors, sharing unique 

covariances, as one would using traditional factor analysis (Reise, 2012).  

Variables such as disease duration, severity, medication, sex, age, personality 

and mood may be important sources of construct relevant multidimensionality in 

PDSS items. Examining associations between factor scores and these parameters will 

inform about the interplay between patient characteristics and different aspects of 

sleep in PD. 

Models for comparison were determined by examining how PDSS scales are 

currently being used. PDSS or PDSS-2 total scores are most frequently reported, 

ergo the first model tested was a single factor confirmatory factor analysis (CFA). 

We then identified the theoretical constructs assessed by the PDSS-R: 1. Insomnia 

(poor self-reported overall sleep quality, trouble initiating and maintaining sleep, 

unrefreshing sleep); 2. Motor symptoms disturbing sleep (e.g. dystonia, difficulty 

maintaining sleep due to medication ‘wearing off’, morning tremor); and, 3. OSA 
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and RBD symptoms (snoring, apnoea, distressing dreams, violent behaviour). Items 

measuring these 2 disorders were clustered together as they frequently co-occur in 

PD (Vorderwuelbecke, Breuer, Kretz, & Grosse, 2014) and symptoms may overlap 

(severe OSA may present as pseudo-RBD; Iranzo et al., 2005). Thus, the present 

study compares the fit of three models for the PDSS-R (Tse et al., 2005): a 1 factor 

CFA; a 3 factor CFA; and, a confirmatory bifactor model with the 1 general and 3 

specific factors combined. Associations between factor scores from the best fitting 

model and sample parameters (age, sex, disease duration, severity, medication, 

neuroticism and mood) were then examined.  

Methods 

The study was approved by the Human Research Ethics Committees of the 

University of Western Australia, Edith Cowan University, and Curtin University. All 

participants provided written, informed consent.   

Participants 

PDSS-R data were collected as part of a longitudinal study examining disease 

progression in a community cohort of people with PD (ParkC). One hundred and 

eighty-six participants with idiopathic PD (diagnosed by a neurologist or geriatrician 

in accordance with United Kingdom Parkinson’s Disease Society Brain Bank 

Clinical Criteria; Hughes, Daniel, Kilford, & Lees, 1992) completed the scale. 

Participants were recruited through Parkinson’s Western Australia community 

events, support groups, advertisements and referral from health professionals. 

Participants with significant cognitive impairment (< 24 on the Mini Mental State 

Examination; N = 11) or neurological co-morbidities (N = 9), were excluded, leaving 

166.  
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Measures 

Demographic data were collected, including medical history, medication, age, 

and date of diagnosis. Neuroticism was measured using the Big Five Aspects Scale 

(BFAS; DeYoung et al., 2007). Mood was measured using the total score of the short 

form Depression, Anxiety and Stress Scale (DASS-21; Henry & Crawford, 2005).  

The Parkinson’s Disease Sleep Scale-Revised (PDSS-R). The PDSS-R is a 

15-item, self-administered scale in which patients rate aspects of sleep affected in 

PD. Participants respond by placing a mark on a visual analogue line, where 0 

indicates ‘excellent’ or ‘never’ and 10 is ‘awful’ or ‘always’.  The PDSS-R measures 

overall sleep quality, sleep initiation and maintenance, nocturia, sleep disruption due 

to ‘wearing-off’ symptoms, restless limbs, RBD, OSA, dystonia, sleep refreshment, 

and sleep attacks. Higher scores indicate poorer sleep. 

Analyses 

Data screening, descriptive and correlational analyses were performed using 

SPSS, IBM (Version 22).  

 Models were created in Mplus for Windows (v7.2), using maximum 

likelihood with robust standard errors (MLR). As recommended by Wang and Wang, 

(2012), models were adjusted in accordance with modification indices, provided i) 

the model had close fit prior to adjustment; ii) the modification indices were >10, 

and iii) the suggested modifications were theoretically justifiable.  

Factors were correlated with age, disease duration, disease severity (Hoehn 

and Yahr score; H&Y), levodopa equivalent dose (LED), mood and neuroticism 

(BFAS neuroticism sub-scale score). Relationships between sex and factor scores 

were assessed using Mann-Whitney U tests. 
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Results 

Participants were 41-85 years of age (M ± SD 66.13 ± 9.29) with > 1-27 

years’ disease duration (M ± SD 5.44 ± 4.97 years). Hoehn and Yahr scores ranged 

from 1-4 (M ± SD 1.83 ± 0.64) and 110 participants (66.3%) were male. Table 4.1 

contains descriptive statistics for PDSS-R item scores.  

Model fit statistics are reported in Table 4.2. Fit indices for both the 1 and 3 

factor CFAs suggest model misspecification, whilst the confirmatory bifactor model 

had acceptable fit. The Satorra-Bentler Chi square difference test indicated 

progressively better model fit across models. 

 Three adjustments were made to the confirmatory bifactor model on the basis 

of modification indices. Error variances were allowed to covary between 3 item 

pairs: 5 (violent behaviours) and 6 (distressing dreams); 11 (muscle cramps) and 12 

(painful posturing); and 9 (difficulty going back to sleep) and 15 (unexpectedly 

falling asleep), which covary negatively.  
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Table 4.1  

Means, standard deviations and standardised factor loadings for PDSS-R data  

 

Item Mean 

(SD) 

General Insomnia OSA/ RBD 

symptoms 

Motor 

Symptoms  

1. Overall sleep quality  4.60 

(2.66) 

0.49‡ 0.72‡   

2. Difficulty falling 

asleep 

2.96 

(2.66) 

0.47‡ 0.25†   

3. Difficulty staying 

asleep  

4.91 

(2.94) 

0.49‡ 0.64‡   

4. Restless Limbs 3.58 

(3.09) 

0.41‡   0.66 

5. Violent Behaviour 1.80 

(2.63) 

0.32‡  0.51‡  

6. Distressing dreams 1.99 

(2.47) 

0.46‡  0.26†  

7. Snore loudly and 

breathing pauses (Both)  

3.06 

(3.21) 

0.23†  0.41‡  

8. Wake up gasping for 

air  

.85 

(1.61) 

0.52‡  0.68‡  

9. Difficulty going back 

to sleep because of 

stiffness, tremor, or 

slowness 

2.93 

(2.88) 

0.72‡   0.34 

10. Nocturia 2.23 

(2.91) 

0.55‡    

11. Painful muscle 

cramps 

2.86 

(2.86) 

0.57‡   0.13 

12. Early morning painful 

posturing of arms or legs 

2.61 

(2.93) 

0.57‡   0.24 

13. Waking tremor  2.44 

(3.02) 

0.43‡   0.10 

14. Unrefreshing sleep 3.28 

(2.82) 

0.69‡ 0.07   

15. Sleep attacks 2.56 

(2.58) 

0.35‡    

Total Score 42.64 

(23.08) 

N/A N/A N/A N/A 

† significant at .05 level; ‡ significant at .01 level 
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Table 4.2 

Model fit indices for the 1 factor CFA, the 3 factor CFA and the confirmatory 

bifactor model. 

 S-B χ2 S-B χ2/df Δχ2(df) RMSEA  

(90% CI) 

CFI SRMR 

1 Factor CFA 

 

320.24‡ 3.56  0.13 

(0.11-0.14) 

0.63 0.09 

3 Factor CFA 255.22‡ 2.87 47.78(3)‡a 0.11 

(0.09-0.12) 

0.73 0.12 

Confirmatory  

Bifactor Model 

122.75‡ 1.66 87.83(15)‡b 0.07 

(0.04-0.08) 

0.92 0.06 

Note: S-B χ2 = Satora-Bentler Chi Square; RMSEA = Root Mean Squared Error of 

Approximation; CFI = Comparative Fit Index; SRMR = standardised root mean square 

residual. Ideal values for fit indices; S-B χ2/df < 3; RMSEA ≤ .05; RMSEA 90% CI  

must cross 0.05; CFI ≥ .95; SMSR ≤ .08; ‡significant at p < .01;     
  a significant compared to 1 factor CFA; b significant compared to 3 factor CFA 

 

The confirmatory bifactor model consists of a general factor, in addition to 3 

sub-factors: insomnia, OSA and RBD symptoms and motor symptoms. The non-

significant factor loadings for the motor symptoms sub-factor (see Table 4.1) suggest 

that this factor does not exist outside of the general factor, thus this sub-factor was 

not further analysed.   

 Individuals with higher general PDSS-R factor scores were more neurotic, 

with poorer mood, longer disease duration, and higher LED than those with lower 

general factor scores (see Table 4.3 for Spearman’s Rho correlations). There were no 

sex differences (U = 2337.50, p = .18).  

Participants who reported more severe insomnia also reported poorer mood, 

higher LED doses, and were younger than those with lower scores on the insomnia 

sub-factor. There were no sex differences (U = 2292.00, p = .13).  
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Figure 4.1 

Diagram of confirmatory bifactor model: Regression coefficients for all 

significant paths. Squares represent measured variables, circles represent 

latent variables, curved lines are where we have allowed covariance of 

error terms to improve model fit   

Insomnia 



 Sleep and Cognition in Parkinson’s Disease 78 

 

Table 4.3  

Correlations between confirmatory bifactor model factor scores and participant 

characteristics 

 Insomnia OSA/ 

RBD  

Age Disease 

Duration 

BFAS- 

Neuroticism 

DASS- 

total 

H&Y LED 

General .26‡a,b -.26‡a -.02 

 

.16†c 

 

.34‡ 

 

.50‡c,d 

 

-.06 

 

.30‡d 

 

Insomnia 1 -.22‡b -.20†e 

 

.12 

 

.10 

 

.17†e 

 

-.03 

 

.21† 

 

OSA/ 

RBD  

-.22‡b 1 .13 

 

-.11 

 

-.12 

 

-.06 

 

.16 

 

-.07 

Note: BFAS = Big Five Aspect Scale; DASS = Depression Anxiety and Stress Scale; H&Y = 

Hoehn and Yahr score; LED = levodopa equivalent dose 

† significant at .05 level; ‡ significant at .01 level 

       a,b,c Pair significantly different at .01 level (2 tailed) 

       d Pair significantly different at .05 level (2 tailed) 

 

Participants with higher insomnia scores reported poorer mood, higher LED 

doses, and were younger than those with lower scores. There were no sex differences 

(U = 2292.00, p = .13).  

 OSA and RBD symptom factor scores did not correlate with any participant 

characteristics; however, men had higher factor scores than women (U = 2375, p = 

.02).  

 In order to compare the relative strength of relationships between factor 

scores and participant characteristics, correlations were compared using open source 

software which calculates the equality of two correlation coefficients derived from 

the same sample (Lee & Preacher, 2013). Results are included in Table 4.3. 

Discussion 

This study is the first to apply a multidimensional model to one of the PDSS 

scales.  One and 3 factor CFA models were compared against a confirmatory bifactor 

model. The confirmatory bifactor model, consisting of a general factor and 3 sub-

factors best fit PDSS-R data. The motor symptoms factor was not significant in this 

model, with variance in these items accounted for by the general factor.  
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 When modelling data using bifactor accounts, a general factor is thought to 

represent an overarching factor (i.e. sleep quality). However, the results of the 

correlational analyses are not wholly consistent with this view. If the general factor 

were measuring general sleep problems associated with PD, we might expect 

positive correlations with disease duration, disease severity and LED- all of which 

are associated with deterioration of sleep quality in PD (Dhawan et al., 2006). While 

the general factor was associated with disease duration and LED, it was also 

associated more strongly with neuroticism, and most strongly with mood. There are 

2 possible explanations for these observations. First, neuroticism and mood may 

potentially be confounding factors, causing response bias which is reflected in 

general factor scores. Personality and mood may be confounds, as individuals with 

neurotic traits, or affective symptoms commonly report more severe sleep problems 

than those indicated by objective measurement (Fernandez-Mendoza et al., 2011). 

Depression and neuroticism are strongly correlated; however, depression may not 

simply bias responses, but arise in tandem with sleep disturbance as part of the non-

motor symptom complex of PD (Gunn et al., 2010; Van Someren et al., 2015). 

Moreover, premorbid neuroticism itself is a predictor of PD (Bower et al., 2010), 

even in PD discordant monozygotic twins (Sieurin., et al. 2015) and individuals high 

in neuroticism typically report poorer sleep than less neurotic individuals (Dorsey & 

Bootzin, 1997). Our finding of a strong relationship between the general factor and 

mood is consistent with Martinez-Martin et al. (2008), who found that depression 

and anxiety scores accounted for approximately one-quarter of the variance in PDSS 

scores and one-fifth of the variance in SCOPA-Sleep scores. When interpreting 

general factor scores, it is important to bear in mind that mood disorder and 
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neuroticism are frequently accompanied by poor sleep; however, depressive 

symptoms and neuroticism are also associated with over-reporting of sleep problems.  

As anticipated, higher insomnia scores were associated with poorer mood and 

higher LED. Given the wider body of sleep research, the relationship between 

insomnia and age seemed counter-intuitive. Younger participants reported more 

difficulty initiating and maintaining sleep, and less overall satisfaction with their 

sleep than older participants. Previous research has established that older adults 

experience poorer sleep secondary to medical conditions, increased frequency of 

primary sleep disorders (insomnia, OSA etc.), more fragmented sleep, and less time 

in slow wave and REM sleep (Martin et al., 2000; Ohayon et al., 2004). However, in 

PD insomnia tends to be more frequent in younger individuals (e.g. van Rooden et 

al., 2011; Verbaan, van Rooden, Visser, Marinus, & Van Hilten, 2008). As with the 

general factor, therefore, scores on this sub-factor should be interpreted taking the 

age of the patient into account. 

 The OSA and RBD symptoms sub-factor did not correlate with any of the 

patient characteristics tested, though men had higher factor scores than women. This 

is consistent with literature that reports both greater prevalence, and more florid 

symptomatic presentation in men, for both OSA and RBD (Lin, Davidson, & Ancoli-

Israel, 2008; Olson et al., 2000). Given the lack of association with mood or 

neuroticism, a high score on this sub-factor is less likely to be an artefact of biased 

reporting. OSA and RBD symptoms are important inclusions in an omnibus scale of 

sleep disruption in PD, and research validating these items against objective 

measures is needed to determine their sensitivity and specificity. 

This study used the PDSS-R, proposed by Tse et al. (2005). Although its 

purpose and structure is similar to other PDSS versions, (many items are equivalent 
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across the 3 scales), the PDSS-R is not identical to the PDSS or the PDSS-2. 

Therefore, it will be important to test a similar, multidimensional model using PDSS 

and PDSS-2 data.   

Conclusions 

Fitting a bifactor model to PDSS data is a useful approach. The general factor 

acts as a total PDSS score, providing a measure of overall sleep quality 

supplemented by the unique variances of the 2 sub-factors; insomnia and, OSA and 

RBD symptoms. Given the extremely poor fit of the 1 factor CFA, in addition to 

systematic differences in patient response to items across factors, we recommend 

caution in using summed PDSS total scores as a cardinal indicator of sleep in PD. 
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CHAPTER 5: SLEEP SYMPTOMS DIFFERENTIALLY PREDICT 

COGNITION IN YOUNGER AND OLDER-ONSET PD 

 

Preface 

There is substantial heterogeneity in the clinical presentation of both motor and 

non-motor symptoms of PD, such that PD is thought to be comprised of at least two 

subtypes. Considerable work has sought to delineate the cognitive and motor features 

of PD as they pertain to subtypes. However, relatively little is known about how 

sleep complaints differ by subtype, or whether the relationships between sleep 

symptoms and cognition vary by subtype.  

The work presented in Chapter 5 compares the relationships between 

participant and disease-specific variables, sleep symptoms, and memory and 

executive function in 2 empirically-defined subtypes (Younger-Onset and Older-

Onset PD) via a series of path analyses. As a secondary hypothesis, we examined 

whether combining the samples (and increasing power) would simultaneously 

increase heterogeneity, and, therefore, diminish or eliminate the size of effects. 

  

This chapter is currently being reformatted for submission to Sleep Medicine. 

Authorship is as follows: Pushpanathan, M.E., Bucks, R.S., Gasson, N., Thomas, 

M.G. and Loftus, A.M. 
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Abstract 

Background: Both disrupted sleep and cognitive impairment are frequent in 

Parkinson’s disease (PD), but the evidence for a relationship between self-reported 

sleep disturbance and cognitive symptoms has been equivocal. If sleep symptoms 

differentially predict cognition in different subtypes, effects may be obscured in a 

general PD sample. 

Objective: First, to determine whether the associations between participant and 

disease variables, sleep symptoms and cognitive performance vary by subtype 

(younger and older-onset); then to establish whether these effects remain when the 

sample is reanalysed as a whole.  

Method: Multi-group path analyses were used to model the relationships between 

participant and PD variables; factor scores derived from our bifactor analysis of the 

Parkinson's Disease Sleep Scale-Revised; and, measures of memory and executive 

function. Path analyses were replicated as single group analyses.   

Results: Increased general sleep disturbance predicted better verbal recall in 

younger-onset PD and poorer visual episodic memory in older-onset PD. Increased 

insomnia scores predicted better verbal recognition memory in younger-onset PD, 

better verbal fluency in both groups and poorer spatial working memory (SWM) in 

older-onset PD. Higher OSA and RBD scores predicted poorer spatial recognition 

memory and spatial working memory in younger-onset PD; but did not predict 

cognition in older-onset PD. Many regression coefficients were weakened or reduced 

to non-significance in the single-sample models.   
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Conclusions: The relationships between participant variables, sleep, and cognition 

were markedly different in younger and older-onset PD. The influence of sex and 

premorbid IQ as moderating variables warrant further investigation.  
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Self-Reported Sleep Differentially Predicts Memory and Executive Function in 

Younger and Older-Onset Parkinson’s Disease 

Both cognitive impairment and sleep problems are common in Parkinson’s 

disease (PD), affecting 19-38% and 60-98% of people with PD, respectively 

(Comella, 2007; Litvan et al., 2012). A number of factors interact to disrupt sleep in 

PD: motor symptoms, medication and mood symptoms may delay sleep onset, and 

interfere with sleep maintenance. REM sleep behaviour disorder (RBD) is present in 

a significant proportion of patients, as are sleep related breathing disorders (SRBD). 

In comparison to healthy controls, people with PD tend to sleep for shorter periods 

of time; this sleep is often fragmented, with a paucity of slow wave sleep and REM 

(Adler & Thorpy, 2005; Bassetti, 2011). The sleep medicine literature contains 

extensive evidence that cognitive function is dependent on restorative sleep (Banks 

& Dinges, 2007; Fernandez-Mendoza et al., 2010; Van Dongen et al., 2003; Waters 

& Bucks, 2011). For this reason, it would be reasonable to expect an association 

between sleep disturbance and cognitive symptoms in PD. While the link between 

disturbed sleep and poorer cognition is evident in older adults who do not have PD 

(Naismith et al., 2010; Oosterman, Van Someren, Vogels, Van Harten, & Scherder, 

2009) the data concerning sleep disturbance in PD are limited and equivocal. 

  Studies examining the relationship between disturbed night-time sleep and 

poorer cognitive performance in PD have had mixed results. For example, Naismith, 

Terpening, Shine, and Lewis, (2011) reported small-moderate effects of disturbed 

night-time sleep on working and verbal memory. Neikrug et al. (2013), and Kim et 

al. (2014) reported associations between sleep disturbance as measured by the 

Parkinson’s Disease Sleep Scale (PDSS) and global cognitive performance. 

However, the inclusion of covariates in all of these studies decreased all effects to 
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non-significance. On the other hand, there are a series of studies which have reported 

no relationship between disturbed sleep and cognitive performance (e.g. Goldman et 

al., 2013; Goldman, Stebbins, Leung, Tilley, & Goetz, 2014; Kurtis et al., 2013). 

Given this pattern of results, the contribution of disturbed sleep to cognitive 

symptoms in PD remains ambiguous. There does appear to be some relationship 

between sleep disturbance and cognition, but the effects may be relatively small and 

heterogeneous; therefore, easily becoming non-significant in multivariate analysis. 

There is a high degree of inter-individual variability in the symptoms of PD; 

such that PD itself is considered to be comprised of multiple subtypes (Berg et al., 

2014; Marras & Lang, 2013; Thenganatt & Jankovic, 2014). Empirically driven 

subtype classifications are typically made on the basis of motor symptom profile 

(tremor dominant [TD] or postural instability and gait impairment [PIGD]) or age-at-

onset (Thenganatt & Jankovic, 2014). Those with younger-onset PD have a typical 

disease trajectory characterised by slower disease progression, fewer cognitive 

symptoms, greater depression and increased motor complications relative to those 

with older-onset PD (Erro et al., 2013; Flensborg Damholdt, Shevlin, Borghammer, 

Larsen, & Østergaard, 2012; Lewis et al., 2005; van Rooden et al., 2010). The 

relationship between sleep symptoms and subtype is less well-understood, but there 

may also be marked differences between the relationships between sleep symptoms 

and cognition in younger and older onset-PD; pooling the two groups for analysis is, 

at best, likely to dilute effects, but may eliminate effects entirely.  

 Thus, the present study examines self-reported sleep data to examine whether 

different aspects of self-reported sleep problems predict memory and EF 

differentially in early versus late-onset PD. Multi-group path analysis, for early and 

late-onset PD subtypes, was used to model the impact of self-reported sleep 
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problems on memory and EF performance, whilst taking account of the effect of 

participant characteristics (such as sex, age, mood, and medication on sleep and 

cognition).  To test the hypothesis that self-reported sleep and cognition would not 

be related if subtype was not considered; path analyses were repeated as single 

sample models. We predicted that some significant effects would no longer be found 

due to the high degree of heterogeneity in PD.  

Methods 

Approval for this study was obtained from The Human Research Ethics 

Committees at the University of Western Australia, Edith Cowan University and 

Curtin University. All participants provided written informed consent prior to taking 

part in this investigation.  

Participants 

One hundred and ninety-one participants with idiopathic PD (diagnosed by a 

neurologist or geriatrician using United Kingdom Parkinson's Disease Society Brain 

Bank Clinical Criteria for a diagnosis of PD; Hughes, Daniel, Kilford, & Lees, 1992) 

participated in this study. Participants were recruited through Parkinson’s Western 

Australia, support groups, advertisements, radio, newspaper, and via referral from 

health professionals. Participants were excluded if they had significant cognitive 

impairment (scored < 24 on the Mini Mental Status Examination; N = 11), had 

neurological co-morbidities, such as a history of stroke, encephalitis or significant 

loss of consciousness (N = 9) or were later found to have been misdiagnosed (N = 5) 

leaving 166. 
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Measures 

Demographic data for each participant were collected and included a brief 

medical history, current medication schedule, sex, age, and date of diagnosis. Pre-

morbid IQ was estimated using the Australian version of the National Adult Reading 

Test (AUSNART; Hennessy & Mackenzie, 1995). Mood was measured using the 

total score of the short form of the depression, anxiety and stress scale (DASS-21; 

Henry & Crawford, 2005).  

The Parkinson’s Disease Sleep Scale-Revised. (PDSS-R; Tse et al., 2005) 

The PDSS-R is a 15 item self-administered scale, in which patients rate aspects of 

sleep frequently affected in PD. Factor scores were derived from our earlier bifactor 

analysis of the PDSS-R. In a bifactor model, an overall or ‘general’ score is a factor 

on which all items load (so it accounts for variance common to all scale items). The 

general factor is referred to as ‘general sleep disruption’ as it encompasses: insomnia 

symptoms; motor symptoms that impact sleep; medication wearing off; nocturia; 

OSA; RBD; nightmares; and, sleep refreshment. There were two significant sub-

factors in our bifactor analysis: Insomnia (subjective sleep quality, sleep initiation, 

sleep maintenance); and OSA and RBD symptoms (snoring, apnoea, distressing 

dreams and violent behaviour).   

Memory. Episodic verbal memory was measured using the Hopkins Verbal 

Learning Test-Revised (HVLT; Brandt & Benedict, 1991). Scores derived from the 

HVLT are verbal learning (total correct, max. 36), delayed verbal recall (max. 12), 

and delayed verbal recognition adjusted for response bias (max. 12). Episodic visual 

recognition memory was assessed using the PRM and SRM sub-tests from the 
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CANTAB™. The outcomes used for these measures were the percentage of correct 

responses (out of 24 and 20 trials, respectively).  

Executive Function. Verbal fluency was measured using the Controlled Oral 

Word Association test (COWA; Benton, 1968), using letters F, A, S. The outcome 

measure used was the number of correct responses in all three trials less repetitions 

and rule breaks. Working memory was assessed using the spatial working memory 

sub-test of the CANTAB™ (SWM). The outcome variable used for this measure was 

the total number of errors (between plus within errors); higher scores indicate poorer 

performance. Planning was assessed using the Stockings of Cambridge (SOC) sub-

test from the CANTAB™. The outcome measure for SOC was the number of 

problems solved in the minimum number of moves (max. 12). 

General Procedure 

Participants were asked to complete questionnaires before their appointment at 

ParkC. Neuropsychological and UPDRS examination was completed while 

participants were in a medication ‘on’ state (approximately 1 hour after last 

medication dose). Testing took approximately 2.5 hours with rest breaks were 

offered as needed. 

Statistical Analyses.  

Data screening, collinearity diagnostics, and descriptive analyses were 

performed using SPSS version 22 for Windows. Path analyses were conducted in 

MPlus Version 7.3 for Windows (Muthén & Muthén, 1998-2012), using maximum 

likelihood robust (MLR) estimation. As LED was measured on a markedly different 

scale to all other variables, z-scores for the sample were created and used in path 

analyses.  
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To maximise power for multi-group analysis, we divided the sample into 

younger and older-onset PD by a median split. Theoretically, this approach carries 

risk, as onset-age cut-offs may be skewed depending on the parameters of a given 

sample. However, the median of our sample (61.17 years) was very close to the cut-

off between intermediate-onset and old-onset PD of 60 years, recommended by 

Thenganatt and Jankovic, 2014. Classically defined young-onset PD (<40 years; 

Thenganatt & Jankovic, 2014), accounts for very few cases (<1%; Berg et al., 2014; 

1.8% of our sample); therefore, the 2 groups in our sample were representative of the 

generally accepted division between younger and old onset PD.  

By dividing the sample into subtypes, statistical power was lost. Therefore, 

multi-group path models were estimated separately for memory and EF measures, 

whilst single-sample models analysed EF and memory together.  For comparative 

purposes, path diagrams and regression tables for multi-group analyses include both 

memory and EF measures. Age, disease duration, sex (1 = male, 2 = female), mood 

(DASS total), and standardized LED were entered as covariates both of sleep scores 

and of cognitive outcomes. Predicted premorbid IQ was entered as a covariate of 

cognition alone. Model fit was evaluated using recommended indices (Wang & 

Wang, 2012). An alpha level of .05 was used throughout. 

Results 

 Between-group comparisons revealed that the younger-onset group was 

significantly younger, had longer disease duration, higher LED, and higher MMSE 

than the older-onset group. Additionally, while males were over-represented across 

the entire sample, the gender imbalance was particularly marked in the older-onset 

group, where 79.5% were men cf. 53% in the younger-onset group (χ2 = 13.04, p < 
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.001). As expected, the younger-onset group performed significantly better than the 

older-onset group on all cognitive measures, excepting visual episodic memory 

(PRM and SRM). For descriptive statistics, and between-groups comparisons see 

Table 5.1. As very few variables were normally distributed, Mann-Whitney U was 

used for all between-groups comparisons (excepting gender). 

Younger- and older-onset groups did not differ in general factor (U = 2953, p 

= .112) or OSA and RBD sub-factor scores (U = 3177, p = .388), though older-onset 

participants reported better sleep on the insomnia sub-factor (U = 2807, p = .040). 

Path Analyses.  

For ease of reading, only significant paths are shown in figures. Tables of 

regression coefficients, standard errors, significance levels and model fit are 

provided in supplementary tables.  All models fit well (see table S5.1).  
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Table 5.1  

Descriptive Statistics and between group comparisons for younger-onset and older onset groups 

Note: a Mann-Whitney U; LED = levodopa equivalent dose; H&Y = Hoehn and Yahr score; MMSE = Mini-Mental State Examination; DASS = Depression Anxiety 

 and Stress Scale score; HVLT = Hopkins Verbal Learning Test    

 Entire Sample N = 166  Younger-Onset N = 83  Older-Onset N = 83   

 M SD Min Max  M SD Min Max  M SD Min Max  p 

Sex (% male) 66.3     53.0     79.5     <.001 

Age 66.13 9.29 41 85  59.13 6.51 41.00 75  73.13 5.65 63 85  <.001 

Age-at-Onset 60.70 10.46 39 84  52.18 6.32 39 61  69.21 5.80 62 84  <.001 

Disease Duration (yrs) 5.44 4.96 0.03 27.08  6.95 5.95 .17 27.08  3.92 3.07 0.03 11.58  <.001 

LED 589.64 443.68 0 2312.50  714.48 501.44 0 2312.50  464.81 336.36 0 1650.00  <.001 

H&Y 1.83 0.64 1 4  1.78 0.68 1 4  1.87 0.60 1 3  .352 

MMSE 28.16 1.39 24 30  28.55 1.34 24 30  27.76 1.33 24 30  .001a 

DASS 22.06 17.82 0 106  23.71 18.55 0 106  20.41 17.02 0 78  .234 

Premorbid IQ 106.11 8.80 80.20 120.91  106.42 8.16 83.20 118.99  105.81 9.43 80.20 120.91  .657 

HVLT Verbal Learning 23.25 6.10 10 36  24.90 6.09 10 36  21.6 5.67 10 33  <.001 

HVLT Delayed Recall 8.35 2.67 0 12  9.08 2.54 3 12  7.61 2.59 0 12  <.001a 

HVLT Delayed Recognition 10.42 1.69 3 12  10.73 1.68 3 12  10.11 1.66 5 12  .003a 

Pattern Recognition Memory 84.32 11.98 37.5 100  85.54 12.67 37.5 100  83.08 11.18 41.67 100  .188 

Spatial Recognition Memory 78.00 10.27 50 100  79.22 10.01 55 100  76.77 10.43 50 100  .126 

Controlled Oral Word 

Association 

36.30 11.67 4 76  39.42 11.28 11 76  33.18 11.26 4 63  <.001 

Spatial Working Memory (total 

errors) 

42.28 21.01 0 95  38.25 22.00 0 95  46.37 19.26 0 79  .013 

Stockings of Cambridge  7.24 2.26 0 12  7.86 2.05 2 12  6.61 2.29 0 11  <.001 
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Path Models for General Sleep Disturbance 

Regardless of age-of-onset, poorer mood predicted more severe overall 

(general) sleep disturbance. In older-onset PD, only shorter disease duration and 

higher LED also predicted more severe overall sleep disturbance. Greater overall 

(general) sleep disturbance had different effects on memory in younger- and older-

onset PD. In younger-onset PD, more severe general sleep disturbance was 

associated with better delayed verbal recall, whereas in older-onset PD, greater 

general sleep disturbance predicted poorer pattern recognition and spatial 

recognition memory. For both subtypes, there was no association between general 

sleep disruption and EF (Figure 5.1a, Table S5.2).   

When collapsing subtypes into a single-sample, the effects of poor mood and 

higher LED on increased, overall sleep disturbance remained. However, there was no 

longer an effect of disease duration. As predicted, the association between increased 

sleep disturbance and cognition was no longer significant for some effects. The 

effect of general sleep on verbal recognition remained, but the effects on spatial and 

pattern recognition (driven by the older-onset group) fell to trend levels (Figure 5.1b, 

Table S5.5). 
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Figure 5.1a 

Multi-group path models for general factor scores. Note: Regression paths all 

significant at .05; Regression coefficients in bold type significant at .01. Dotted lines 

distinguish paths to and from sleep factors. For ease of reading, non-significant 

paths not shown. 

  

Younger-Onset PD 

Older-Onset PD 
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Figure 5.1b 

Single sample path model for the general sleep factor. Note: Regression paths all 

significant at .05; Regression coefficients in bold type significant at .01. Dotted lines 

distinguish paths to and from sleep factors. For ease of reading, non-significant 

paths not shown. 

Path Analysis for Insomnia Sub-Factor 

 None of the variables predicted insomnia in younger-onset PD, whilst in 

older onset-PD, more severe insomnia was associated with both female sex and 

higher LED. Again, there were differential effects of insomnia on cognition in 

younger- and older-onset PD. In younger-onset PD more severe insomnia was 

associated with better performance on both verbal recognition and verbal fluency, 

whilst in older-onset PD severe insomnia was associated with poorer spatial working 

memory (See Figure 5.2a and Table S5.3).  
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Younger-Onset PD 

Older-Onset PD 

Figure 5.2a  

Multi-group path models for insomnia factor scores. Note: Regression paths 

all significant at .05; Regression coefficients in bold type significant at .01. 

Dotted lines distinguish paths to and from sleep factors. For ease of reading, 

non-significant paths not shown. 
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In the single-sample model, only higher LED was associated with more 

severe insomnia scores; the effect of sex on insomnia became non-significant. As for 

cognition, only the path between more severe insomnia and better verbal fluency 

performance remained significant; the relationships between insomnia and verbal 

fluency and spatial working memory both became non-significant (See Figure 5.2b 

and Table S5.5).   

 Figure 5.2b 

Single sample path model for the insomnia factor. Note: Regression paths all 

significant at .05; Regression coefficients in bold type significant at .01. Dotted lines 

distinguish paths to and from sleep factors. For ease of reading, non-significant 

paths not shown. 

Path Analysis for OSA and RBD Sub-Factor 

 OSA and RBD severity was not predicted by any variable in younger-onset 

PD, however, in older-onset PD, higher OSA and RBD factor scores were predicted 

by shorter disease duration. In this path model, the severity of OSA and RBD 

predicted cognition in younger-onset PD only; higher scores were associated with 
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poorer visual episodic memory (SRM) and poorer spatial working memory (SWM) 

(see Figure 5.3a and Table S.4).  

 In the single-sample model, no variable predicted OSA and RBD factor 

score; disease duration was no longer significant.  The effect of OSA and RBD 

symptoms on spatial working memory remained significant, albeit the effect had 

become weaker. There was still an effect of more severe OSA and RBD symptoms 

on visual episodic memory. However, poor visual recognition memory (PRM) was 

now associated with OSA and RBD symptoms, while the significant effect on spatial 

recognition memory (SRM) revealed in the younger-onset group fell to trend-level. 

(See Figure 5.3b and Table S5.5). 
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Figure 5.3a 

Multi-group path models for OSA and RBD factor scores. Note: Regression paths all 

significant at .05; Regression coefficients in bold type significant at .01. Dotted lines 

distinguish paths to and from sleep factors. For ease of reading, non-significant 

paths not shown. 

Younger-Onset PD 

Older-Onset PD 
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Figure 5.3b 

Single sample path model for the OSA and RBD factor. Note: Regression paths all 

significant at .05; Regression coefficients in bold type significant at .01. Dotted lines 

distinguish paths to and from sleep factors. For ease of reading, non-significant 

paths not shown. 

Discussion 

 The present study tested two hypotheses: First, that specific clusters of self-

reported sleep symptoms would i) be associated with different variables in younger- 

and older-onset PD, and ii) differentially predict cognition in younger and older-

onset PD. The second, that these relationships would be weaker or obscured when 

the sample was analysed as a whole. Both hypotheses were supported by path 

analysis.  

 The older-onset group was older, with shorter disease duration, lower LED 

and was disproportionately male. In older-onset PD, significantly poorer 
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performance across the majority of neuropsychological tests was evident; consistent 

with previous research exploring cognitive subtypes in PD (van Rooden et al., 2010). 

Sleep symptoms were similar for both groups with respect to both general sleep 

disturbance and OSA and RBD symptoms. Those with younger-onset PD, however, 

reported more severe insomnia. 

General Sleep Disturbance and Insomnia 

Predictors of sleep.   

Poorer mood was associated with increased general sleep disturbance in both 

younger and older-onset PD. Additionally, both shorter disease duration and higher 

LED predicted general sleep disruption in the older-onset group.  None of the 

variables in our model predicted insomnia in younger-onset PD. However, in older-

onset PD, higher LED (as in general sleep disturbance) and being female were both 

associated with increased insomnia severity.  

Considering the evidence that sleep is increasingly disturbed with the 

progression of PD (Zoccolella et al., 2011), our finding that shorter disease duration 

is associated with more disturbed sleep appears counterintuitive. However, compared 

to the younger-onset group, the older onset group had shorter disease duration and 

higher LED, both of which predicted increased general sleep disturbance, and, in the 

case of LED, more severe insomnia. These findings are consistent with the 

observation that, in the early stages of PD, dopaminergic treatment tends to disrupt 

sleep via overstimulation of D2 receptors (Brunner et al., 2002; Chahine et al., 

2013). As PD progresses, pharmacotherapy no longer has marked effects on sleep 

architecture due to loss of D2 receptors (Sixel-Döring et al., 2012; Wailke et al., 

2011).  
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The Relationship between Sleep and Cognition. 

In younger-onset PD, increased general sleep disturbance was associated with 

better verbal recall memory, whilst increased overall sleep disturbance was 

associated with poorer performance on both tests of visual recognition memory in 

older-onset PD. Similarly, in younger-onset PD, higher insomnia scores were 

associated with better verbal recognition memory and better verbal fluency. The 

positive association between insomnia and verbal fluency was also at trend in older-

onset PD. Simultaneously, more severe insomnia predicted poorer spatial working 

memory (SWM) performance in older-onset PD. In other words, worse insomnia 

predicts both better and poorer EF in older-onset PD.  

Broadly, two cognitive syndromes or profiles have been suggested in PD. The 

first is characterised by frontostriatal deficits (e.g. difficulty with EF tasks, poor 

attention, deficits in feedback-based learning), underpinned by disruption to the 

dopaminergic system (Kehagia, Barker, & Robbins, 2010; Robbins & Cools, 2014). 

Executive function deficits are relatively common in PD and are not necessarily 

predictive of severe cognitive decline (Kehagia et al., 2010; Williams-Gray, 

Foltynie, Brayne, Robbins, & Barker, 2007). Spatial working memory (SWM) is a 

measure of EF that is exceptionally sensitive. Owen, Iddon, Hodges, Summers, and 

Robbins, (1997), reported that in PD, SWM is sequentially affected earlier in the 

disease course, followed by visual working memory then verbal recognition 

memory. Moreover, a cumulative ‘loss’ of protective factors in this group may make 

those with older-onset PD particularly sensitive to sleep loss. Sex did not predict 

SWM performance in either group, however, in the younger-onset group, higher 

premorbid IQ (i.e. greater cognitive reserve; Barulli & Stern, 2013) and younger age 

predicted fewer SWM errors. Neither factor had an effect in older-onset PD. It may 
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be that the compound effects of ageing and PD deplete cognitive reserve, such that it 

no longer forms a cognitive ‘buffer’, and additional insults; such as inadequate sleep, 

are more apparent. 

The second syndrome of cognitive impairment, ‘posterior-cortical deficits’, is 

characterised by problems with verbal and visual memory, semantic fluency and 

visuospatial deficits (Kehagia et al., 2010). These symptoms are thought to be non-

dopaminergic in origin, with evidence implicating cortical cholinergic denervation as 

a key mechanism. For example, anticholinesterase inhibitors have been found to 

ameliorate cognitive symptoms to some extent (Kehagia et al., 2010). Alternatively, 

Lewy body aggregation in a key feature of PD, and neocortical Lewy body load is 

associated with cognitive impairment and dementia (Selikhova et al., 2009). It has 

been suggested that the key variable in cognition in PD is not age-at-onset, but age, 

as both α-syneuclein and β-amyloid protein aggregation (both of which occur to 

some degree in typical ageing; Knopman et al., 2003) coalesce and for this reason, 

PD progression is exponential, rather than linear (Kehagia et al., 2010). This diffuse 

pathology particular to older individuals with PD may be another factor that 

predisposes this group to demonstrate cognitive deficit in the presence of poor sleep 

while younger people with PD do not.  

Why does poorer sleep predict better cognition?  

There were paths in both the general sleep disruption and insomnia models 

where results were counter-intuitive: poor sleep predicted better cognition. It is 

tempting to draw on a neurobiological account to explain these results, where low 

scores on the general sleep disruption and insomnia factors serve as proxies for 

sleepiness. Sleepiness, associated with erosion of the ascending arousal systems, is 

frequently associated with impaired cognition and may precede dementia (Compta et 
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al., 2009; Pagonabarraga & Kulisevsky, 2012). However, examination of the 

regression coefficients across path models suggests that this simple neurobiological 

account is unlikely. Each of these ‘counter-intuitive paths’ share a common feature; 

they predict verbal tasks, where sex is a strong predictor of performance. None of the 

non-verbal memory tasks (SRM, PRM) or EF tasks (SWM, SOC) was predicted by 

poor sleep. If lower scores on the general and insomnia factors, indicated less sleep 

disturbance due to increased sleepiness arising from damage to arousal mechanisms, 

we would expect that increased general sleep disturbance or insomnia would predict 

better performance across a cognitive domain, or sub-domain, irrespective of 

whether the task is verbal or visual. 

 There is a tendency for women to outperform men on verbal (but not visual) 

neuropsychological tests by a small margin (Weiss, Kemmlera, Deisenhammerb, 

Fleischhackera, & Delazerc, 2003). This gender difference may be amplified in PD 

due to differences in the way PD manifests in and is experienced by men and 

women. While men tend to have more severe motor and non-motor symptoms, 

women report more distress associated with these symptoms (Scott, Borgman, 

Engler, Johnels, & Aquilonius, 2000). The motor symptom profile shows some 

variation by gender: women more frequently present with tremor as their first 

symptom and men demonstrate an increased propensity toward rigidity (Miller & 

Cronin-Golomb, 2010). There are also systematic differences in sleep symptoms: 

many studies have described an increased prevalence of RBD in men (Szewczyk-

Krolikowski et al., 2014); and EDS is also more common in men. In contrast 

insomnia is more frequent in women (Gjerstad et al., 2007). Finally, men are at 

greater risk for cognitive impairment than women (Aarsland et al., 2010; 

Muslimovic et al., 2005).  
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Taken together, there are differences in how men and women tend to 

experience and self-report symptoms; in the manifestation of PD symptoms 

impacting sleep; and, in the variables we are most interested in measuring: sleep 

disturbance and cognition. Therefore, a path model should include sex, not as a 

covariate, but as a moderator. However, sample size (particularly in the older-onset 

group, which was ~80% male), precluded this analysis.  

It is unlikely, however, that sex is the only factor driving the relationships 

between poorer sleep and better cognition. A second, potential, moderating variable 

which should be considered in future path models is cognitive reserve. A recent 

meta-analysis by Hindle, Martyr, and Clare, (2014), revealed an association between 

greater cognitive reserve and higher scores on tests of global cognitive function, 

attention, visuospatial function, memory, and EF in PD. However, increased 

cognitive reserve did not delay the onset of serious cognitive decline. As can be seen 

in the multi-group path models, our measure of cognitive reserve (premorbid verbal 

IQ) predicted performance for all tests in the younger-onset group (excepting SRM) 

but was frequently not a predictor of performance in the older-onset group. 

Moreover, whether or not premorbid IQ predicted performance on a given test in 

older-onset PD varied between models (i.e. depending on sleep factor). This suggests 

an interaction between cognitive reserve and specific clusters of sleep symptoms in 

older-onset PD. Again, sample size precluded investigation of such a moderation 

hypothesis. 

OSA and RBD.  

Our path models did not predict OSA and RBD severity in younger-onset PD 

and the only variable associated with more severe symptoms in older-onset PD was 

shorter disease duration. This result is unexpected as prior studies of predictors of 
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OSA and RBD in PD using have noted that the risk of both disorders increases with 

age, disease duration, and male sex (Sixel-Döring et al., 2012; Zoccolella et al., 

2011).  

 Higher OSA and RBD symptom scores predicted poorer performance on EF 

(spatial working memory) and memory (spatial recognition memory) in younger-

onset PD, but did not predict cognition in the older onset group. The lack of 

association between most cognitive tasks and OSA and RBD was also unexpected, 

given that both OSA and RBD have been shown to be related to deficits in memory 

and EF, even independently of PD. Verbal episodic memory, visual memory, 

attention, EF, non-verbal learning, and planning are frequently affected both in 

idiopathic RBD (iRBD) and PD-RBD (Gagnon et al., 2009; Manni et al., 2013; 

Vendette et al., 2007). In people with OSA, the domains of attention, delayed verbal 

and visual memory, visuospatial/ constructional ability and EF are particularly 

impaired (see Bucks et al., 2013 for a review). 

One possibility for a lack of association between OSA and RBD symptoms 

and cognition is that the index of sleep was a self-report measure. While self-report 

measures, in general, may be relatively insensitive to detect OSA and RBD, we used 

only a sub-factor derived from 4 items on an omnibus scale of sleep disorder in PD. 

The items measuring SRBD and RBD are worded in such a way that they are likely 

to have high specificity, but may be insensitive to subtle manifestations of both 

disorders. For example, items ‘5. Do you have violent behaviours such as hitting 

your spouse or falling out of bed when acting out dreams at night?’ and ‘7. Are you 

told by others that you snore loudly and have breathing pauses (Both- Note: snoring 

and breathing pauses must both be experienced to endorse this item) during the 

night?’ (Tse et al., 2005, p.320. Note added for disambiguation). Sleep-related 
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breathing disorder may be less apparent in older adults, who often do not fit the 

classic ‘profile’ of younger apnoeic patients (snoring, observed arousals, elevated 

BMI; Vitiello, 1997). Clearly, patients will not report symptoms of which they are 

not aware.  

Similarly, iRBD typically presents with violent, dream-enacting behaviour 

prompting further investigation (Iranzo et al., 2005). In PD, this behaviour is often 

less dramatic and is, therefore, less likely to be recognised. The sensitivity to detect 

RBD in PD via self-report is highly variable and frequently depends either on the 

patient’s own awareness of the condition, or family reports of behaviour consistent 

with RBD (Bolitho et al., 2014; Stiasny-Kolster et al., 2015). The OSA and RBD 

symptoms factor of the PDSS-R likely only identifies patients with florid 

manifestations of OSA or RBD. Objective sleep assessment is needed to explore the 

unique contributions of OSA and RBD to impaired memory and EF performance.   

Conclusions  

Despite the use of a reasonably large sample cf. similar studies (e.g. Kim et 

al., 2014 N = 71; Naismith et al., 2011, N = 101; Stefansdottir, Gjerstad, Tysnes, & 

Larsen, 2012, N = 138 PD), our findings suggest the need for modelling additional  

paths (e.g. moderation analysis), for which a larger sample is required. Nonetheless, 

this study demonstrates that the relationships between sleep and cognition are 

markedly different in younger and older-onset PD, such that dividing the sample is 

more likely to reveal significant effects. Reduced heterogeneity offsets the overall 

loss of statistical power resulting from dividing the sample.  Path analysis is a 

powerful tool for visualising the relationships between variables. It will be important 

to test the utility of split-group path analysis in a larger, gender-balanced sample, 

with more sensitive sleep measures.   
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CHAPTER 6:  IS THE RELATIONSHIP BETWEEN POOR SLEEP AND 

POOR COGNITION THE SAME IN PD AS IN TYPICAL AGEING? 

Preface 

Study 1 (Chapter 2) examined the existing literature that has explored the 

relationship between disrupted sleep and cognition in PD. This meta-analysis 

highlighted systemic methodological issues including an overreliance on insensitive 

cognitive and sleep measures, and a lack of data on the impact of different types of 

sleep disorder (e.g. sleep-related breathing disorder, insomnia, restless leg 

syndrome), or disrupted sleep on cognition in PD.   

Studies 2 and 3 (Chapters 4 and 5, respectively) employed the PDSS-R to 

measure an array of different sleep symptoms in PD. In addition, a comprehensive 

neuropsychological battery was used to assess memory and EF. The findings 

reported in Chapter 5 revealed that different clusters of sleep symptoms differentially 

predicted cognition in younger-onset and older-onset PD. These results were 

unexpected as poorer sleep was associated with better cognition in younger-onset PD 

but poorer cognition in older-onset PD.  

Emerging evidence suggests that age moderates the relationship between sleep 

metrics and cognition. In light of this evidence, and the apparently paradoxical 

findings reported in the previous chapter, the present study examined objective 

This chapter is currently being reformatted for submission in the journal 

Sleep. Authorship will listed be as follows: Pushpanathan, M.E., Loftus, 

A.M., Gasson, N., Thomas, M.G. and Bucks, R. S. 
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measures of sleep and cognition in people with PD and in matched healthy controls 

to determine whether PD also moderates this relationship.   

Abstract 

Background: Disrupted sleep (chronic sleep debt, sleep-related breathing disorder, 

sleep fragmentation, insufficient ‘deep’ sleep), affects memory and executive 

function (EF) in otherwise healthy adults. Studies examining the effect of poor sleep 

on cognition in Parkinson’s disease (PD), however, have been inconsistent. 

Objective: This study aimed to clarify the effect of disrupted sleep on memory and 

EF in PD.  

Method: 20 participants with PD and 20 healthy controls completed a single night of 

home-based polysomnography and a comprehensive neuropsychological assessment. 

Moderated regressions were conducted to determine whether ‘group’ (PD status) 

moderated the relationship between each sleep predictor and neuropsychological test.  

Results: Shorter total sleep time and wake after sleep onset predicted better memory 

and EF in PD, but poorer performance in controls. Increased time in REM and N2 

predicted better memory and verbal fluency, respectively, in controls: In PD, REM 

had no effect and more N2 predicted poorer fluency. More respiratory arousals 

predicted better visual memory in PD, and poorer memory in controls while more 

PLM arousals predicted poorer verbal memory in PD and had no effect in controls. 

There were no effects of N3, AHI or hypoxia.   

Conclusions: Relationships between sleep metrics and cognition are markedly 

different in PD and healthy controls, both in strength and direction. Many effects can 

be attributed to degeneration of structures responsible for sleep regulation. Both 

respiratory and PLM arousals fragment sleep yet they have opposing effects on 

cognition. Further research, with sensitive measures, is needed to explore SRBDs. 
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Is the Relationship Between Poor Sleep and Poor Cognition the Same in 

Parkinson’s Disease as in Typical Ageing? A Case-Controlled 

Polysomnographic Study 

Sleep and cognition both decline as a function of age. In Parkinson’s disease 

(PD), which primarily affects people over the age of 60 years (de Lau & Breteler, 

2006), these changes are more marked. Beginning in middle-age, sleep quality in 

healthy adults degrades in a relatively predictable manner, with a gradual decline in 

slow wave sleep (SWS or N3), and REM. Frequently, there is difficulty initiating, or 

maintaining sleep, increasing sleep onset latency (SOL) and wake time after sleep 

onset (WASO), thus reducing sleep efficiency (SE). Sleep becomes more fragmented 

and characterised by an increase in arousals (Ohayon et al., 2004). In PD, however, 

these usual age-related changes are frequently accompanied by PD-specific sleep 

problems. These can be primary sleep disorders such as insomnia, hypersomnia and 

REM sleep behaviour disorder (Diederich & McIntyre, 2012), sleep-related 

breathing disorders (SRBD), or movement disorders of sleep, including restless limb 

syndrome (RLS) and periodic limb movement disorder (PLMD), (Adler & Thorpy, 

2005; Bassetti, 2011; Comella, 2007). In addition, sleep disruption also occurs as a 

secondary effect of medication, medication ‘wearing off’, or PD symptoms, such as 

akinesia, cramps or pain (Comella, 2007; Friedman & Chou, 2004). As the 

neuropathology of PD invades regulatory structures in the brainstem (Arnulf, Leu, & 

Oudiette, 2008; Postuma et al., 2012), and disturbs the delicate balance of 

neurotransmitters required to orchestrate sleep (Lima, 2013; Wiencke et al., 2012), 

sleep architecture is damaged, such that the boundaries between sleep states begin to 

break down (Christensen et al., 2016; Compta et al., 2009). Moreover, sleep 

symptoms may pre-date the onset of motor symptoms by a decade or more (Hawkes, 
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Del Tredici, & Braak, 2010), potentially allowing the accumulation of a significant 

sleep debt before PD is even suspected.  

Just as sleep changes with age, so, too, does cognition, most notably in 

relation to processing speed, episodic memory and executive function (EF) (Grady & 

Craik, 2000; Hedden & Gabrieli, 2004; Verhaeghen & Salthouse, 1997). As for 

sleep, PD adds to this normal, age-related change, producing more marked deficits in 

episodic memory and EF (Pagonabarraga & Kulisevsky, 2012), with a significant 

proportion of patients demonstrating clinically relevant impairment in these areas 

from the time of diagnosis (Muslimovic et al., 2005). Critically, there is robust 

evidence that restorative sleep is essential for normal cognition, particularly episodic 

memory and EF (Durmer & Dinges, 2009).  

Chronic sleep debt (insufficient sleep over an extended period) is associated 

with EF deficits, even in the absence of subjective sleepiness (Van Dongen, Maislin, 

Mullington, & Dinges, 2003). The sleep continuity hypothesis (Bonnet, 1986a) 

posits that frequent arousals destroy the integrity of sleep processes and that sleep 

must be uninterrupted for substantial periods of time for it to be restorative (Bonnet, 

2000). Studies that have examined sleep fragmentation have reported impairments in 

reaction time and vigilance, sustained attention and attentional processing, 

visuospatial ability, complex information processing and driving simulation tasks 

(Stepanski, 2002).  

Arousals, which fragment sleep, can be precipitated by environmental 

disturbance, or they can be endogenous, as in the case of respiratory events or 

involuntary movements like PLMs (Halász, Terzano, Parrino, & Bódizs, 2004).  
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Respiratory arousals, a predominant feature of SRBDs, are frequently 

accompanied by a decrease in oxyhaemoglobin saturation (Eckert & Younes, 2014).  

It is then difficult to delineate the mechanisms underpinning the cognitive symptoms 

associated with SRBDs, which are deficits in: attention and vigilance; delayed long-

term visual and verbal memory; visuospatial/constructional abilities; and, EF, and 

potentially, poorer working memory, short-term memory, and global cognitive 

function (Bucks et al., 2013). Sleep-related breathing disorders are thought to disrupt 

cognition via sleep fragmentation, transient hypoxia, and, hypercapnia, all of which 

impact the prefrontal cortex, and damage delicate neural structures, necessary for 

memory encoding and EF (e.g. the hippocamus and frontal cortex, respectively; 

Beebe & Gozal, 2002). Regardless of whether sleep is fragmented by SRBDs or 

other mechanisms, time spent in lighter NREM stages increases (N1 and N2) whilst 

time in slow wave sleep (SWS: N3) and REM (both already diminished with ageing 

and PD) is reduced (Eckert & Younes, 2014).  

Physiologically, arousals associated with PLMs may be a ‘purer’ measure of 

fragmentation than respiratory arousals, given that  scoring criteria specify that a 

PLM arousal must not be associated with a respiratory event (AASM, 2012). That is, 

PLMs allow the measurement of sleep fragmentation without the confounder of 

concomitant desaturation. 

The importance of SWS is emphasised by the sleep homeostasis hypothesis 

(SHY: Tononi and Cirelli, 2003, 2012). Slow wave sleep is necessary for bringing 

neurons back to a baseline level of excitation: a process that is essential for new 

encoding to be possible. This is consistent with the finding that experimentally 

decreasing SWS, while keeping total sleep time (TST) constant, disrupts memory 
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encoding (Van Der Werf et al., 2009) and that experimentally augmenting SWS 

improves memory (Marshall et al., 2006). 

Thus, if sleep dysfunction impacts cognition without PD, it seems likely that 

sleep dysfunction, which is present early and chronically in PD, will play an 

important role in the cognitive profile of PD, and may exacerbate the cognitive 

deficits found in PD. The scaffolding theory of ageing and cognition (STAC; Park & 

Reuter-Lorenz, 2009) postulates that a degree of age-related degeneration of neural 

structures is typical. Healthy older adults are able to function well despite these 

changes due to ‘scaffolding’, or recruitment of additional cortical areas to maintain 

performance. This process has been observed in individuals with OSA, who 

demonstrate increased cortical activation to compensate for poor sleep (Ayalon, 

Ancoli-Israel, Klemfuss, Shalauta, & Drummond, 2006). People with PD may be 

less able to recruit additional cortical areas to compensate for poor sleep due to the 

primary neuropathology of PD. If so, then disrupted sleep should have a greater 

impact on cognition in PD than in age-matched controls. 

Aims and Hypotheses 

This study examined whether sleep initiation, sleep maintenance and sleep 

duration, SRBD severity, time spent in stages N2, SWS and REM, and, sleep 

fragmentation (as measured by arousal indices), derived from polysomnography 

(PSG), differentially predict memory and EF in PD and healthy controls. Rather than 

focussing on sleep disorders, those mechanisms that are known to contribute to poor 

cognitive performance were identified, measured as continuous variables, and used 

as predictors in a series of moderated regression analyses.  

Specifically, we hypothesised: i) Those with PD exhibiting features of sleep-

wake dysregulation, (insufficient sleep, difficulty falling asleep, and difficulty 
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staying asleep during the night [TST, SOL and WASO, respectively]); would 

demonstrate EF deficits consistent with chronic sleep debt to a greater degree than 

controls; iia) Given an equivalent number of arousals, those with PD would 

demonstrate poorer cognition than controls. Moreover, iib) type of arousal 

(respiratory, PLM, or spontaneous) would differentially affect cognition. 

Spontaneous and PLM arousals, which fragment sleep but are uncomplicated by a 

decrease in oxygen saturation would impact on EF. Respiratory arousals, which are 

associated with the additional burden of transient hypoxia would impact on memory 

and EF; iii) At an equivalent AHI, or degree of hypoxia, those with PD would 

demonstrate poorer memory and EF than controls; iv) Less time in SWS would be 

associated with poorer memory in those with PD more strongly than in controls; v) 

Less time in REM would be associated with poorer EF and memory performance. As 

REM is irregular, even in very early PD, we predicted that decreased REM would be 

a much stronger predictor of cognitive performance in PD; and finally, vi) As sleep 

time in N3 and REM decreases, typically a greater proportion of the sleep period is 

spent in N2. Therefore, we predicted that people with PD, who experience more N2 

would demonstrate poorer memory and EF performance than controls. 

Method 

This project was approved by the Human Research Ethics Committee of The 

University of Western Australia. All participants provided written informed consent. 

This study was conducted as part of the ParkC project: a cross-sectional and 

longitudinal study based at Curtin University, in Perth, Western Australia. The 

objectives of ParkC are to examine contributors to cognitive and motor heterogeneity 

in idiopathic Parkinson’s disease and, to that end, participants undergo motor and 

neuropsychological examination every two years. 
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Participants 

Forty participants included in the study, 20 with PD, and 20 healthy controls, 

were individually case-matched by age, sex, and years of education.  

All PD participants had been diagnosed with idiopathic Parkinson’s disease 

by a neurologist or geriatrician in accordance with UK brain bank criteria (Hughes et 

al., 1992). Participants were excluded if they had any neurological comorbidities or 

had undergone deep brain stimulation. In order to exclude cases of dementia with 

Lewy bodies (DLB) and PD that had already progressed to dementia (PD-D), and in 

accordance with procedures published previously (Loftus et al., 2015), all 

participants scored ≥24 on the Mini-Mental State Examination (MMSE; Folstein, 

Folstein, & McHugh, 1975).  

Participant Recruitment. Participants were recruited via ParkC, media 

coverage, and advertising through Parkinson’s Western Australia. Thirty-six 

individuals indicated interest, of whom 12 later declined to participate, 1 was 

excluded prior to testing due to DBS, two later disclosed prior stroke, and 1 was 

excluded before testing following assessment of risk during an unattended PSG, 

leaving 20. 

Healthy controls were recruited from volunteer pools at UWA and Curtin 

University, and via media coverage. Controls were screened for medical conditions 

that would preclude participation via telephone and a detailed personal and family 

medical history. Of 48 screened, 26 consented to take part. However, five withdrew 

consent before testing due to work commitments (N = 4) or anxiety regarding PSG 

(N = 1), and 1 was excluded as PSG equipment had been removed early in the night, 

leaving 20. 
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General Procedure 

The neuropsychological assessment and rating of motor symptoms took 

approximately 2.5 hours with rest breaks as needed. Participants with PD were tested 

in a medication ‘on’ state. For each participant, PSG and neuropsychological testing 

were conducted within a 2-week period. Further, as neuropsychological examination 

may influence sleep architecture during the subsequent sleep period (Fogel, Smith, & 

Cote, 2007), and polysomnography may disturb sleep, leading to artificially lowered 

cognitive performance by virtue of being more tired than usual, PSG was not 

conducted on the evening prior to, or following, neuropsychological examination. 

Neuropsychological Assessment 

 Premorbid IQ. 

The Australian National Adult Reading Test (AUSNART;  Hennessy & 

Mackenzie, 1995) was used to estimate premorbid IQ. Participants were asked to 

read 50 irregular nouns (e.g. the AUSNART includes words such as echidna and 

acacia). Error scores were then combined with age, sex and years of education, using 

a regression equation (Sullivan et al., 2000) to estimate premorbid verbal IQ. 

Memory. 

Episodic verbal memory. Verbal learning (total recall across three 12-word 

trials), delayed verbal recall (number of words recalled after a 20-minute delay), and 

delayed verbal recognition, were assessed using the revised version of the Hopkins 

Verbal Learning Test (HVLT: Brandt & Benedict, 1991).  

Episodic visual memory. Pattern Recognition Memory (PRM) and Spatial 

Recognition Memory (SRM) were assessed using the CANTABTM. Outcomes are 

percentage of 24 (PRM) or 20 (SRM) trials recognised correctly. 

Executive Function. 



Sleep and Cognition in Parkinson’s Disease 117 

 

Verbal Fluency. Verbal Fluency was assessed using the Controlled Oral 

Word Association (COWA; Benton, Hamsher & Sivan, 1994), using letters F, A and 

S. Total score was number of words generated, less any repetitions and rule breaks. 

Working Memory. Working memory was assessed using the spatial working 

memory (SWM) sub-test from CANTABTM. The outcome variable was total errors.  

Planning. Planning was evaluated using the Stockings of Cambridge (SOC) 

sub-test from CANTABTM, using the number of problems solved in the minimum 

number of moves (max.12). 

Assessment of Sleep  

Nocturnal PSG recordings were collected using a home-based ambulatory 

recording system (Compumedics Somté PSG, Melbourne, Victoria, Australia) during 

one night. A trained sleep technician (MEP) set up all sleep studies in the 

participants’ homes, approximately 1 hour before their usual bedtime. All studies 

were visually scored by an experienced sleep technologist, in accordance with 

AASM criteria (AASM, 2012). The PSG montage included: central and occipital 

EEG (C4-M1 and O1-M2); EOG; ECG; chin EMG; a nasal cannula; an oronasal 

thermistor; pulse oximetry; abdominal and thoracic respiratory effort bands; and, 

piezoelectric sensors attached bilaterally at the anterior tibialis. 

Outcome variables derived from PSG included: total sleep time (TST), sleep 

onset latency (SOL), wake after sleep onset (WASO), percentage of sleep time in N2 

(%N2), percentage of sleep time in N3 (%N3), percentage of sleep time in REM (% 

REM), and, sleep fragmentation: which was measured via arousal indices (total, 

respiratory, periodic limb movement (PLM), and spontaneous). 
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Analysis 

Statistical analyses were completed in SPSS, IBM (v.22). Data were 

normally distributed only for very few variables; Mann-Whitney U tests were 

therefore used for all between-groups comparisons. For each of the cognitive 

outcome measures, age-normed Z-scores were calculated for each participant using 

either published normative data (HVLT, Benedict, Schretlen, Groninger, & Brandt, 

1998; COWA, Strauss, Sherman, & Spreen, 2006), or data provided by Cambridge 

Cognition for the CANTAB™ tests. Normed scores represent each participant’s 

performance relative to the average person of that age. This method controls for age 

at the level of the individual, eliminating the need to include age as a covariate in 

regressions. For ease of reading, descriptive statistics are provided using raw scores. 

Effect sizes are reported using Cohen’s r for non-parametric statistics. An r of .1 

represents a small effect, .3 represents a medium effect and .5 represents a large 

effect (Fritz, Morris, & Richler, 2012). 

To explore whether measures of sleep quality predicted cognitive outcomes 

equally in PD and controls, moderated regressions were conducted using PROCESS 

(v.11) for SPSS (Hayes, 2013). For each of the moderation models, the sleep 

variable was the independent variable; the cognitive measure was the dependent 

variable; ‘group’ (PD or control) was the moderator, and sex and premorbid IQ were 

covariates. We have reported models which were significant; the second criterion 

was that the interaction (between the predictor and group) fell below an alpha-level 

of .10. The rationale for including interactions at trend was that we have a small, 

heterogeneous sample, and investigation of the source of the effect (PD or control) 

provides valuable information. In our moderation analyses, the conditional effects 
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reveal the size, direction and significance of regression coefficients for PD and 

controls.  

As this was an exploratory study, no adjustments were made for multiple 

comparisons, as reducing the alpha level of increasing numbers of analyses inflates 

the risk of Type II error (Perneger, 1998; Rothman, 1990).  

Results 

As expected, there were no group differences in age, sex, years of education 

or estimated premorbid IQ (see Table 6.1). Moreover, there were no group 

differences in either incidence of comorbidities nor (non-PD) medication use (see 

Table S6.7). 

Table 6.1 

Descriptive Statistics and between-groups comparisons for PD and healthy 

 control groups 

 PD  Control    

 M SD Min Max  M SD Min Max  U p 

Age 68.05 9.89 39 82  67.70 10.06 37 83  196.50 .924 

Years 

Education 

13.65 3.74 7 22  13.40 2.41 9 18  183.00 .643 

Premorbid IQ 108.40 9.11 89.70 120.91  111.44 6.15 94.29 117.90  168.00 .387 

MMSE  27.95 1.70 24 30  28.40 1.47 25 30  159.50 .255 

BMI 28.94 3.99 21 38  25.73 3.24 20 32  71.00 .020 

Disease 

Duration 

(months) 

61.35 45.37 5 154  - - - -   - 

UPDRS  31.05 10.60 12 60  - - - -   - 

LED 581.40 485.64 0 1980  - - - -   - 

Note: U = Mann Whitney U statistic; DASS = Depression Anxiety and Stress Scale; ESS =

   Epworth Sleepiness Score; UPDRS = Unified Parkinson’s Disease Rating Scale; 

  LED = Levodopa equivalent dose  

The PD group demonstrated lower sleep efficiency and longer WASO than 

controls, who had significantly more respiratory arousals (see Table 6.2). There were 

no group differences in any sleep-related breathing disorder parameters (see Table 

6.3). The groups differed significantly only on verbal fluency (COWA; FAS), with 



Sleep and Cognition in Parkinson’s Disease 120 

 

controls performing better than the PD group. There was also a trend-level effect for 

verbal recognition memory, whereby controls performed better than those with PD 

(see Table 6.4).  
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Table 6.2 

Descriptive statistics and between-groups comparisons for sleep indices 

Note: TST = total sleep time; SE = sleep efficiency; SOL = sleep onset latency; WASO = wake after sleep onset; U = Mann Whitney U statistic; PLM = 

 periodic limb movement 

 PD  Control     

 M SD Min Max  M SD Min Max  U P r 

TST (mins) 352.75 70.03 241.50 478.00  376.78 82.37 266.50 584.50  172.00 .449 .12 

SE (%) 70.78 10.97 50.20 89.30  79.73 7.33 65.90 89.60  100.50 .007 .43 

SOL (mins) 49.45 35.11 0.00 128.00  34.55 21.45 10.00 96.50  149.50 .172 .21 

WASO (mins) 99.25 55.04 23.00 197.00  60.97 33.35 18.50 160.00  118.00 .027 .35 

N1 (%) 2.44 1.44 0.80 7.60  3.14 1.99 0.90 8.90  149.00 .167 .22 

N2 (%) 61.41 10.69 39.30 77.40  60.42 9.65 33.90 83.20  171.00 .433 .12 

N3/SWS (%) 16.49 7.89 3.70 29.60  15.29 7.38 2.80 27.90  183.00 .646 .07 

REM (%) 19.67 8.79 0.00 38.30  21.13 7.45 1.10 30.50  174.00 .482 .11 

Respiratory Arousal Index 3.49 3.54 0.00 12.80  9.13 9.21 .30 37.40  121.50 .034 .34 

PLM Arousal Index 2.21 3.42 0.00 10.70  2.75 4.80 0.00 17.20  196.50 .918 .02 
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Table 6.3 

Sleep Related Breathing Disorder: Descriptive statistics and between-groups comparisons 

Note: U = Mann-Whitney U statistic; AHI = apnoea hypopnoea index; NREM = non-REM sleep

 PD  Control    

 M SD Min Max  M SD Min Max  U p r 

AHI 13.78 13.27 0.30 54.10  20.14 16.12 1.60 58.40  147.50 .156 .23 

AHI-NREM 12.75 13.24 0 54.20  18.26 17.05 0.20 58.50  156.50 .239 .19 

AHI-REM 16.90 15.75 0 53.30  25.19 19.91 0 61.30  154.00 .213 .20 

Total Obstructive Apnoeas  19.55 34.18 0 116  19.30 21.58 0 71  142.50 .118 .25 

Total Central Apnoeas 4.65 8.57 0 31  6.50 5.60 0 16  122.50 .032 .17 

Total Mixed Apnoeas 9.95 23.93 0 106  7.95 10.53 0 33  160.00 .270 .34 

Total Hypopnoeas 51.75 41.44 1 157  89.00 80.83 5 293  138.00 .093 .27 

Minimum O2 Saturation  (%) 85.79 4.71 79 92  84.85 4.81 76 91  181.00 .606 .08 

Mean O2 Saturation (%) 93.78 2.65 85 97  94.32 1.45 90 96  154.50 .608 .08 

Mean desaturation 3.47 1.07 2 7  3.20 .894 2 5  178.00 .506 .11 
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Table 6.4 

Neuropsychological performance: descriptive statistics and between-groups comparisons 

Note: HVLT = Hopkins Verbal Learning Test; COWA, FAS = Controlled Oral Word Association (phonemic fluency); SWM = spatial working memory; 

 PRM = pattern recognition memory; SRM = spatial recognition memory; SOC = Stockings of Cambridge 

 PD  Control    

 M SD Min Max  M SD Min Max  U p r 

HVLT Learning Trials (Max =36) 25.90 6.49 12 33  26.20 4.20 17 33  181.50 .616 .08 

HVLT Delayed Recall (Max =12) 9.44 2.50 5 12  9.26 2.23 3 12  189.50 .771 .05 

HVLT Delayed Recognition (Max =12) 11.15 1.23 9 12  11.75 0.72 9 12  147.00 .068 .29 

COWA, FAS  36.70 12.31 11 59  46.50 14.80 20 73  124.50 .041 .32 

SWM (total errors) 44.47 17.92 7 72  40.80 17.10 44.47 73  163.50 .456 .12 

PRM (% correct) 87.28 7.67 70.83 95.83  83.45 14.59 45.83 100  169.50 .569 .09 

SRM (% correct) 72.10 22.26 0 90.0  74.25 9.07 55.00 85.00  165.50 .485 .11 

SOC (Max  = 12) 7.05 2.39 1 11  7.95 2.23 3 12  142.50 .174 .22 
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Relationships between sleep parameters and cognition  

Total sleep time and wake after sleep onset. 

Total Sleep Time (TST). Longer sleep duration (TST) differentially predicted 

verbal learning (HVLT), R2=.40, F(5, 34) =4.46, p=.003. A trend-level interaction 

between group and TST, ΔR2 = .05, F(1, 33) = 3.03, p=.091, revealed that longer 

TST predicted poorer verbal learning in PD, and better verbal learning in controls 

albeit the conditional effects did not reach significance in either group. 

Unstandardised simple slopes, plotting cognitive test scores at ±1 SD of the mean for 

TST, for the control and PD groups, are presented in Figure 6.1a. Model details, 

including coefficients, standard errors and 95% confidence intervals are presented in 

Table 6.5. 

Wake After Sleep Onset (WASO). Longer WASO differentially predicted 

verbal fluency (COWA), R2 = .38, F(5, 34) = 4.32, p = .004. The significant 

interaction between group and WASO, ΔR2 = .15, F(1, 34) = 8.04, p = .008, revealed 

that  longer WASO was predictive of poorer fluency scores in controls but better 

fluency in PD. The conditional effects were significant in the control group, and at 

trend-level in the PD group, (see Table 6.5 & Figure 6.1b). 
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 Table 6.5 

Regression coefficients, standard errors, significance values and 99% 

confidence intervals for sleep duration and maintenance models 

Model  B SE P LLCI ULCI 

TST       

HVLT Learning Constant -10.29 2.97 .002 -16.33 -4.25 

 Group 2.32 1.28 .078 -0.27 4.92 

 TST 0.01 0.01 .108 -0.002 0.02 

 Interaction -0.01 0.00 .091 -0.274 4.92 

 AUSNART 0.05 0.02 .005 0.01 0.08 

 Sex 0.91 0.23 .001 0.39 1.43 

 Conditional Effect of TST x 

Group 

     

 Control 0.00 0.00 .263 -0.00 0.01 

 PD -0.00 0.00 .199 -0.01 0.00 

       

WASO       

Verbal Fluency 

(COWA) 

Constant -0.01 2.79 .998 -5.67 5.65 

 Group -2.33 0.66 .001 -3.67 -0.98 

 WASO -0.04 0.01 .011 -0.07 -0.01 

 Interaction 0.02 0.01 .008 0.01 0.04 

 AUSNART 0.03 0.02 .104 -0.01 0.07 

 Sex 0.13 0.31 .672 -0.49 0.76 

 Conditional Effect of WASO x 

Group 

     

 Control -0.02 0.01 .025 -0.03 -0.00 

 PD 0.01 0.00 .111 -0.00 0.01 
Note: b = beta; SE = standard error; LLCI = lower level confidence interval; ULCI = upper   

 level confidence interval; TST = total sleep time; WASO = wake time after sleep onset; 

 COWA = controlled oral word association; HVLT =  Hopkins Verbal Learning Test. 

 

 

Figure 6.1 

Unstandardised simple slopes plotting the conditional effects of TST and WASO on 

verbal learning and verbal fluency, respectively, in PD and controls  

Note: TST = total sleep time; WASO = wake after sleep onset; HVLT = Hopkins Verbal Learning 

Test; COWA = Controlled Oral Word Association 

6.1a 6.1b 



Sleep and Cognition in Parkinson’s Disease 126 

 

Sleep Stage Effects. 

Percentage of Time in N2. A greater percentage of sleep time spent in N2 

predicted poorer visual recognition memory performance in controls, (PRM), R2 = 

.28, F(5, 33) = 2.62, p =.042, but not in PD as revealed by the significant interaction, 

ΔR2= .10, F(1, 33) = 4.61, p = .039, (see Table 6.6 & Figure 6.2a).   

Conversely, a greater percentage of N2 differentially predicted verbal fluency 

(COWA), R2  = .49, F(5,34) = 6.5, p < .001. The interaction was significant, ΔR2 = 

.25, F(1,35) = 16.31, p < .001, such that more time spent in N2 was predictive of 

significantly poorer COWA scores in PD and significantly better COWA scores in 

the controls, (see Table 6.6 and Figure 6.2b). 

Percentage of Time in N3 (SWS). Percentage time in N3 did not predict 

performance on any of the cognitive tasks, nor were there any interactions. 

Percentage of Time in REM. More time spent in REM predicted higher visual 

recognition memory scores (PRM), R2 = .46, F(5, 33) = 5.62, p < .001. The 

relationship between %REM and PRM score was, however, moderated by group, 

ΔR2 =.20, F(1,33) = 12.49, p = .001. The conditional effects revealed that more time 

in REM was associated with higher PRM scores only in controls, there was no effect 

of REM on PRM in PD (see Table 6.6 & Figure 6.2c).  

Time in REM also differentially predicted verbal fluency, R2 = .43, F(5,34) = 

5.12, p = .001. The effect of %REM on fluency scores was moderated by group, ΔR2 

= .18, F(1,34) = 10.79, p = .002. More time spent in REM was predictive of poorer 

COWA scores in controls but better COWA scores in PD, though the effect in the 

PD group was only at trend level (see Table 6.6 and Figure 6.2d). 
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Table 6.6 

Regression coefficients, standard errors, significance values and 99% 

confidence intervals for sleep stage models 

Note: b = beta; SE = standard error; LLCI = lower level confidence interval; ULCI = upper

  level confidence interval; COWA = controlled oral word association; PRM = pattern 

  recognition memory 

 

Model  b SE P LLCI ULCI 

%N2       

PRM Constant 6.54 4.73 .176 -3.09 16.17 

 Group -3.92 2.10 .071 -8.18 0.35 

 % N2 -0.14 0.06 .016 -0.25 -0.03 

 Interaction 0.07 0.03 .039 0.00 0.14 

 AUSNART 0.01 0.02 .673 -0.04 0.05 

 Sex 0.28 0.34 .405 -0.40 0.97 

 Conditional Effect of %N2 x 

Group 

     

 Control -0.07 0.03 .011 -0.12 -0.02 

 PD 0.00 0.02 .860 -0.04 0.05 

       

Verbal Fluency  Constant -17.73 4.09 <.001 -26.04 -9.41 

 Group 6.56 1.81 .001 2.87 10.89 

 % N2 0.18 0.05 .001 0.08 0.28 

 Interaction -0.12 0.03 <.001 -0.18 -0.06 

 AUSNART 0.07 0.02 .001 0.03 0.10 

 Sex 0.43 0.29 .143 -0.15 1.02 

 Conditional Effect of %N2 x 

Group 

     

 Control 0.06 0.02 .006 0.02 0.11 

 PD -0.05 0.02 .008 -0.09 -0.02 

       

% REM       

PRM Constant -7.89 2.41 .003 -13.56 0.27 

 Group 3.15 0.78 <.001 0.17 4.89 

 % REM 0.25 0.06 <.001 0.01 0.37 

 Interaction -0.13 0.03 .001 -0.20 -0.01 

 AUSNART 0.01 0.02 .567 -6.39 4.43 

 Sex 0.61 0.29 .040 0.06 1.24 

 Conditional Effect of %REM 

x Group 

     

 Control 0.12 0.03 <.001 0.07 0.18 

 

Verbal Fluency  

PD -1.46 2.53 .568 -6.62 3.69 

 Group -3.21 0.82 <.001 -4.88 -1.54 

 % REM -0.20 0.06 .002 -0.33 -0.08 

 Interaction 0.12 0.04 .002 0.05 0.20 

 AUSNART 0.06 0.02 .005 0.02 0.10 

 Sex 0.28 0.30 .002 0.05 0.20 

 Conditional Effect of %REM 

x Group 

     

 Control -0.08 0.03 .008 -0.14 -0.02 

 PD 0.05 0.03 .083 -0.01 0.10 
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Figure 6.2 

Unstandardised simple slopes plotting the effects of percentage of time in N2 and 

REM on cognition in PD and controls  

Note: PRM = pattern recognition memory; COWA = controlled oral word association     

Sleep-Related Breathing Disorders. 

The AHI and hypoxia indices (mean and minimum oxygen saturation) did 

not predict performance on any of the cognitive tasks, nor were there any 

interactions. 

Sleep Fragmentation (Arousals). 

Respiratory Arousal Index. A higher respiratory arousal index differentially 

predicted visual recognition memory performance (PRM), R2 = .29, F(5, 33) =  2.75, 

p = .035. The interaction between group and respiratory arousal index was at trend 

level, ΔR2 = .08, F(1, 33) = 3.88, p = .057. Higher respiratory arousal indices 

predicted better PRM scores in PD, but predicted poorer recognition memory in 

6.2a 6.2b 

6.2c 6.2d 
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controls; though the conditional effects reached significance only in the control 

group (see Figure 6.3a and Table 6.7). 

PLM Arousal Index. A higher PLM arousal index predicted poorer scores on 

verbal learning (HVLT learning), R2 = .43, F(5, 34) = 5.16, p = .001. There was a 

significant interaction between group and PLM arousal index, ΔR2 = .09, F(1, 34) = 

5.23, p = .028. The conditional effect was at trend-level in the PD group, with higher 

PLM arousal indices predicting poorer verbal learning. There was no effect in 

controls, (see Figure 6.3b and Table 6.7). 

  Figure 6.3 

Unstandardised simple slopes plotting the conditional effects of respiratory 

and PLM arousals on cognition in PD and controls  

Note: PRM = Pattern Recognition Memory; HVLT = Hopkins Verbal Learning Test; PLM 

= Periodic Limb Movement     

  

 

6.3a 

6.3d 
6.3c 

6.3b 
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Poorer verbal recall (HVLT recall) was also predicted by a high PLM arousal 

index, R = .59, R2 = .34, F(5, 34) = 3.54, p = .011. The interaction between group 

and PLM arousal index was significant, ΔR2 = .17, F(1, 34) = 8.97, p = .005, with 

increasing PLM arousals predicting significantly poorer recall in PD, but there was 

no effect in controls, (see Figure 6.3c and Table 6.7).This pattern was repeated for 

verbal recognition (HVLT recognition), with higher PLM arousal indices similarly 

predicting poorer verbal recognition scores, R = .73, R2 = .53, F(5, 34) = 7.59, p < 

.001. The interaction between group and PLM arousal index was significant, ΔR2 = 

.14, F(1, 34) = 10.14, p=.003, with a significant conditional effect in PD and no 

effect in controls, (see Figure 6.3d and Table 6.7). 

Table 6.7 

Regression coefficients, standard errors, significance values and 99% 

confidence intervals for fragmentation (arousal) models 

Model  b SE P LLCI ULCI 

Respiratory 

Arousal Index 

      

PRM Constant -1.06 2.66 .169 -0.69 4.36 

 Group -0.40 0.46 .396 -1.34 0.54 

 Respiratory Arousal 

Index 

-0.20 0.08 .019 -0.37 -0.04 

 Interaction 0.14 0.07 .057 -0.00 0.28 

 AUSNART 0.01 0.02 .600 -0.03 0.05 

 Sex 0.49 0.32 .136 -0.16 1.14 

 Conditional Effect of 

Respiratory Arousal 

Index x Group 

     

 Control -0.06 0.03 .015 -0.12 -0.01 

 PD 0.08 0.07 .271 -0.06 0.21 
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PLM Arousal 

Index 

      

HVLT Learning Constant -6.26 2.08 .005 -10.48 -2.03 

 Group 0.46 0.29 .119 -0.12 1.04 

 PLM Arousal Index 0.18 0.09 .053 0.00 0.36 

 Interaction -0.14 0.06 .027 -0.27 -0.02 

 AUSNART 0.04 0.02 .033 0.00 0.07 

 Sex 0.88 0.25 .001 0.38 1.39 

 Conditional Effect of 

PLM Arousal Index x 

Group 

     

 Control 0.04 0.04 .365 -0.04 0.12 

 PD -0.11 0.05 .055 -0.22 0.00 

       

HVLT Recall Constant -7.48 3.12 .022 -13.83 -1.14 

 Group 0.82 0.43 .066 -0.06 1.69 

 PLM Arousal Index 0.35 0.13 .013 0.08 0.62 

 Interaction -0.28 0.09 .005 -0.47 -0.09 

 AUSNART 0.05 0.03 .080 -0.01 0.10 

 Sex 0.56 0.37 .146 -0.20 1.32 

 Conditional Effect of 

PLM Arousal Index x 

Group 

     

 Control 0.07 0.06 .260 -0.05 0.19 

 PD -0.22 0.08 .013 -0.38 -0.05 

       

HVLT Recognition Constant -1.24 1.29 .355 -3.86 1.39 

 Group -0.01 0.18 .978 -0.37 0.36 

 PLM Arousal Index 0.10 0.06 .076 -0.01 0.21 

 Interaction -0.12 0.04 .003 -0.20 -0.04 

 AUSNART 0.01 0.01 .298 -0.01 0.03 

 Sex 0.50 0.15 .003 0.19 0.82 

 Conditional Effect of 

PLM Arousal Index x 

Group 

     

 Control -0.02 0.02 .362 -0.07 0.03 

 PD -0.15 0.03 <.001 -0.21 -0.08 
Note: b = beta; SE = standard error; LLCI = lower level confidence interval; ULCI = upper

  level confidence interval; PLM = periodic limb movement; PRM = pattern recognition 

  memory; SRM = spatial recognition memory; HVLT = Hopkins Verbal Learning Test.  

Spontaneous Arousal Index. The spontaneous arousal index did not predict 

performance on any of the cognitive tasks, nor were there any interactions. 

Discussion 

We examined whether objective indices of sleep quality predicted 

neuropsychological performance differentially in PD to matched controls. As sleep 

architecture changes with typical healthy ageing (Ohayon et al., 2004), and it is 
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likely that age moderates the relationship between sleep and cognition (Scullin & 

Bliwise, 2015b), one of the primary objectives of this study was to compare the 

relative strength of regression coefficients in PD and matched controls. We 

hypothesised that sleep indices would be stronger predictors of cognitive 

performance in PD, as those with PD may be less able to compensate for poor sleep; 

but that effects would be in the same direction (e.g. more fragmented sleep would 

predict poorer memory and EF in both groups; more SWS would predict better 

memory scores in both groups). 

Although poorer sleep and cognition relative to controls is frequently reported 

in the literature, there were very few differences between-groups on sleep or 

cognitive measures. Concerning measures of sleep architecture, people with PD had 

lower SE, higher WASO and fewer respiratory arousals than controls. In contrast to 

previous studies (Diederich, Vaillant, Leischen et al., 2005; Nomura, Inoue, 

Kobayashi, Namba, & Nakashima, 2013) we observed a different profile of SRBD in 

PD; this difference may be attributable to the relatively high BMI of our PD group 

compared to controls (Kaminska et al., 2015). There was a significant difference 

between-groups in the distribution of central apnoeas, whilst the mean was higher in 

controls, there was much more variation in PD (reflected by the high standard 

deviation). Moreover, in our sample, hypopnoeas were more prevalent in controls 

compared to PD. Both groups maintained oxygen saturation equally well and there 

were no differences in any other sleep measure. This pattern of reduced SE in PD but 

comparable results across most other sleep variables has been noted in other studies 

comparing sleep in unselected PD patients with age-matched controls (e.g. Yong, 

Fook-Chong, Pavanni, Lim, & Tan, 2011). Likewise, with regard to cognition, the 
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control group had significantly higher scores than the PD group only on verbal 

fluency.  

Our primary aim was to determine whether objectively measured sleep 

predicted cognitive performance differentially in PD and in healthy, case-matched 

controls. In PD, longer TST was associated with poorer verbal learning and longer 

WASO was associated with better verbal fluency, although, due to considerable 

heterogeneity within the sample, the effect only reached significance for WASO. For 

controls, the patterns were in the opposite direction, with longer TST and shorter 

WASO both associated with better performance.  

The progression from wake to sleep, consecutively descending through N1 and 

N2 into N3, then switching from NREM into REM is a complex and highly 

regulated process. Opposing mechanisms maintain state stability: the ascending brain 

arousal systems include the dorsal raphe (DR; serotonin), the locus coeruleus (LC; 

noradrenaline), laterodorsal tegmental nucleus, pedunculopontine tegmental nucleus 

(LDN & PPN, respectively; acetylcholine), lateral hypothalamus (hypocretin) and 

the tuberomammillary nucleus (histamine) (Hobson & Pace-Schott, 2002; Mignot, 

Taheri, & Nishino, 2002). During NREM, excitatory neurotransmitters are 

progressively inhibited by GABA and galanin, released by the ventrolateral preoptic 

area (VLPO; Fuller, Gooley, & Saper, 2006); REM and NREM are proposed to be 

mutually inhibitory via ‘flip-flop’ switch, where NREM is shut off, and REM is 

generated. Here, acetylcholine release increases and the monoaminergic system 

becomes quiescent (Merica & Fortune, 2004; Pace-Schott & Hobson, 2002). In PD, 

deterioration of central structures of the ascending arousal system begins at stage 2 

of Braak’s staging schema, or approximately 10 years prior to the anticipated 

presentation of motor symptoms (Hawkes et al., 2010). It has been suggested that 
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relative deterioration of the ascending arousal systems may cause excessive 

sleepiness by ‘unbalancing’ the opposing mechanisms that maintain sleep-wake 

stability (Zhong et al., 2011). A recent study reported that both PD patients who had 

developed dementia and those who had been diagnosed with sleep problems had 

significantly greater alpha synuclein pathology in the LC, RN, and in the 

hypothalamus, compared to PD patients who had been diagnosed with neither 

comorbidity (Kalaitzakis et al., 2013).  

While we hypothesised that sleep debt and difficulty initiating and maintaining 

sleep may be contributing to cognitive deficits, these hypotheses may have been 

overly simplistic. Whilst in healthy controls, longer TST and shorter WASO are 

considered as markers of ‘higher quality’ sleep, the inverse may be true in PD. That 

is, longer TST and shorter WASO may be indicative of increased sleepiness due to 

the cumulative failure of the arousal systems in PD. In accordance with this account, 

the association between longer TST, shorter WASO and poorer cognition 

performance can be explained by the deterioration of shared neural circuitry rather 

than by the sleep symptoms themselves. 

The hypothesis that greater N3 would predict better memory was not 

supported, as the percentage of N3 did not predict performance on any cognitive 

measure in either group. This finding is consistent with a number of other studies 

who did not report a relationship between N3 and cognition (Blackwell et al., 2011; 

Hita-Yañez, Atienza, & Cantero, 2013; Song et al., 2015). While a detailed 

exposition of how the role of SWS may change in older adults is beyond the scope of 

this paper, Scullin and Bliwise, (2015b) review some hypotheses as to why a weaker 

relationship between SWS and cognition is observed in older adults. The relationship 

between cognition and slow wave activity (SWA) is bidirectional. Cirelli, (2012) 
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suggests that lifestyle and environmental changes experienced by older adults may 

lead to reduced mental stimulation and a subsequent reduction in SWA. Scullin and 

Bliwise, (2015b) use the analogy of Park and Reuter-Lorenz's (2009) scaffolding 

theory of cognitive ageing, suggesting that as sleep changes with ageing, and SWS 

and REM diminish in both quantity and quality, the functions typically performed in 

these stages may be transferred to other states (a process referred to as de-

differentiation). For example, memory consolidation may occur in quiet wake in 

addition to during sleep (Pace-Schott & Spencer, 2013; in Scullin & Bliwise, 2015b). 

Consequently, there is less of an association between specific sleep stages and 

cognition in older adults than in young adults.   

There was a robust finding of a higher percentage of sleep time spent in REM 

coupled with higher visual memory scores in healthy controls, but not in PD. While 

the majority of studies that have studied sleep stage effects have focussed on 

consolidation, several have explored time spent in different stages of sleep in relation 

to neuropsychological performance. Healthy older adults who spend more time in 

REM have better memory than those who spend less time in REM, (Kim, Lee, Lee, 

Jhoo, & Woo, 2011; Lafortune et al., 2014). Recently, a large epidemiological study 

(N = 2, 601 men over the age of 67 years), that examined participants via PSG at 

baseline to assess sleep architecture and followed-up the cohort for 3.5 years, found 

that less time in REM at baseline was predictive of later cognitive decline (Song et 

al., 2015).  REM may be a marker for intact cholinergic systems, and a decrease in 

REM may signal impending cognitive impairment (Lafortune et al., 2014; Scullin & 

Bliwise, 2015a). In the control group, a higher percentage of REM was associated 

with better visual memory, but there was no effect of REM in PD. Given that the 

percentage of TST spent in REM varied considerably in the PD group (0-38% of 
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TST) and that the structure of REM deteriorates early in the course of PD (Wetter et 

al., 2001), this suggests that even when people with PD spend a typical proportion of 

sleep time in REM, REM itself may not be serving its purpose. 

Harder to explain is the present finding that a greater percentage of TST spent 

in REM predicted poorer verbal fluency in healthy controls, but better verbal fluency 

in PD. When examined alongside the N2 model predicting fluency, it was evident 

that the effects were mirrored; more time in N2 predicted better verbal fluency in 

controls and poorer fluency in PD. Percentage of time spent in REM and N2 were 

inversely correlated. To test the hypothesis that the effects of REM and N2 might be 

independent, we ran an additional moderated regression, with the percentage of 

REM as the predictor and verbal fluency as the outcome variable, controlling for the 

percentage of N2. We then repeated this analysis with the percentage of N2 as the 

predictor and included the percentage of REM as the covariate. Controlling for 

N2/REM did not change the main effects but the interactions changed (see Table 

S6.1). Where there were significant effects of REM on verbal fluency in the PD 

group, after controlling for N2, the effect of REM became non-significant. When 

examining N2 and controlling for REM, the effect remained significant: a greater 

percentage of N2 predicted poorer verbal fluency in PD. For controls, when 

examining the effect of the percentage of REM on verbal fluency, controlling for N2 

did not change the effect. Equally, when N2 was the predictor, and REM was 

covaried, the effect remained; more N2 predicted better fluency in controls. This 

suggests that, despite the high inter-correlation, these are two distinct main effects, 

and REM and N2 are functionally different. It may be that processes occurring in N2 

are essential for EF. While REM degrades earlier than NREM in PD (Diederich, 

Rufra, Pieri, Hipp, & Vaillant, 2013), features of NREM essential for cognition also 
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degrade. Although qualitative EEG analysis was beyond the scope of this study, 

recent research has demonstrated a role for sleep spindles (the hallmark of N2) in 

verbal learning, visual attention and verbal fluency (Lafortune et al., 2014), and poor 

spindle quality has been associated with early cognitive decline in PD (Latreille et 

al., 2015). As PD progresses, less time is typically spent in REM and SWS 

(Diederich, Vaillant, Mancuso, et al., 2005; Wiencke et al., 2012). Correspondingly, 

time spent in N1 and N2 must increase. Sleep time is finite. REM and N2 are 

inversely correlated. If there is a progressive loss of REM, replaced by N2 which no 

longer effectively serves its purpose; then in PD the fabric of sleep is unravelling. 

While healthy older adults may, indeed, employ de-differentiation, allowing 

processes to ‘switch’ to other sleep states to maintain normal cognition, this may not 

be possible in PD as all sleep stages (and their associated purposes) become 

compromised.  

The contribution of SRBDs to cognitive symptoms in PD is a contentious issue 

(Hirata, Högl, Tan, & Videnovic, 2015). We, therefore, examined whether indices of 

SRBD severity (AHI) and hypoxia (mean and minimum oxygen saturation) 

predicted memory and EF. We found no significant between-groups differences in 

desaturation indices nor did we note a predominance of hypopnoeas in PD as 

reported by Diederich, Vaillant, Leischen et al. (2005). This may, in part, be 

explained by the relatively higher BMI of our PD sample. Neither AHI nor oxygen 

saturation was a significant predictor of any cognitive test in PD or controls. This is 

consistent with recent findings by Béland et al. (2015), who found no increased 

incidence of cognitive symptoms in PD with OSA. However, the present findings are 

also consistent with many studies in people with OSA alone, frequently there is no 

relationship between AHI or hypoxia and cognition (Olaithe, Skinner, Hillman, 
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Eastwood, & Bucks, 2014). Furthermore, the AHI is beginning to ‘fall out of favour’ 

within the SRBD research community as it expresses the number of respiratory 

events in each hour of sleep without accounting for factors such as event duration, 

the length of arousal or awakening and degree of oxygen desaturation (Olaithe et al., 

2014). It has been proposed that SRBD may expedite the disease processes of PD via 

injury to the LC, grey matter atrophy (particularly in the hippocampus and frontal 

areas) and general neuroinflammation (Kaminska et al., 2015). As these are injuries 

that accumulate over an extended period, and there is a dearth of data examining 

SRBD and cognition in PD, longitudinal studies examining the effect of SRBD on 

the trajectory of PD are needed.  

 In accordance with Bonnet’s (1986) theory of sleep continuity, we predicted 

that more frequent arousals would predict poorer cognition. As the mechanisms 

underlying different types of arousals are physiologically different, we analysed the 

respiratory arousal index, the PLM arousal index and the spontaneous arousal index 

independently. A higher respiratory arousal index predicted better visual and spatial 

memory performance in PD, but poorer performance in controls. This result was 

unexpected because sleep fragmentation is thought to be one of the primary 

mechanisms of harm associated with SRBDs (Jones & Harrison, 2001; Verstraeten, 

2007). The respiratory arousal index was one of the few sleep measures in which 

there were significant between-groups differences. This is consistent with Diederich 

et al., (2005) and Nomura, Inoue, Kobayashi, Namba, and Nakashima (2013), who 

reported lower respiratory arousal indices in PD with OSA compared with OSA. 

Paradoxically, in both studies, oxygen saturation was better maintained in PD, 

despite diminished response to respiratory events, leading the authors to conclude 

that SRBD is unlikely to contribute significantly to cognitive problems or daytime 
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sleepiness in PD. Our data suggest that this may not be the case: a lack of 

responsiveness to apnoeic events is not necessarily protective in PD, perhaps because 

failure to respond to apnoeic events increases the length of a respiratory episode and 

subsequent exposure to hypoxaemia. Alternatively, inability to respond to respiratory 

events may be indicative of more severe dysautonomia or increasing failure of 

arousal mechanisms associated with more diffuse PD neuropathology.  

 The PLM arousal index predicted poorer verbal recall and recognition 

memory in PD, but there was no significant effect in the control group. Scullin, 

Fairley et al. (2015), recently reported an association between general EF 

performance and PLMS (movements, not arousals) in PD. It is difficult to draw firm 

conclusions from a cross-sectional study, as PLMS has previously been associated 

with increasing PD severity (Covassin et al., 2012), and nigrostriatal depletion 

(Happe, Pirker, Klösch, Sauter, & Zeitlhofer, 2003), so poorer memory in our study 

may have been an effect of more rapidly moving disease. However, sleep 

fragmentation also affects memory, and screening for and treating PLMS may be an 

effective way to improve cognition via sleep continuity.  

 Limitations of this study include a small sample size, restricting both 

statistical power and our ability to compare these relationships between individuals 

with different subtypes of PD. Moreover, we were able only to record a single night 

of PSG which carries the risk of missing night-to-night variability. Home PSG itself 

lacks the capacity for video recording, and has the potential for reduced signal 

quality cf. in-lab PSG, albeit home PSG has the advantage of a familiar sleep 

environment. Moreover, when we were exploring the feasibility of this study, 

consultation with the PD community revealed a reluctance to undertake in-lab PSG. 

Despite these limitations, this is one of very few studies to examine whether PSG 
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indices of sleep quality, measured as continuous variables, predict cognition in PD; 

and, to our knowledge, the first study to use a case-matched control group to 

establish whether PD moderates the relationship between sleep and cognition.  

The findings from this study, whilst requiring replication in a larger sample, 

make a valuable contribution to PD research. They suggest that accepted principles 

of sleep medicine do not easily transfer to PD. Sleep quality is operationalized in 

traditional sleep medicine and research by multiple indices that actually measure 

sleep quantity. In PD, however, more sleep may not necessarily index better sleep. 

Perhaps longer WASO is acceptable for an individual who is physically 

uncomfortable at night, and we should be more worried when WASO decreases. Just 

because an individual with PD may spend a typical amount of sleep time in REM, 

does not mean that this REM is good quality or is serving its intended purpose. 

Likewise, arousals may not be inherently harmful. Rather, they may be an indication 

that all is well with the brain, and we should be more worried when sleep is less 

fragmented than one would expect given threats to cerebral oxygenation. 
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CHAPTER 7: GENERAL DISCUSSION 

This thesis extends the body of work examining non-motor symptoms (NMS) 

in PD by focussing on the relationship between sleep and cognition. The first half of 

the thesis centred on the measurement of sleep, considering explanations as to why 

many studies exploring this topic have returned equivocal results. The final study 

explored polysomnographic and neuropsychological data from people with PD and 

matched healthy controls, to describe how PD moderates the relationship between 

sleep and cognition.  

Summary of Key Findings 

 The meta-analysis of literature pertaining to the relationship between sleep 

and cognition in PD reported in Chapter 2, revealed that sleep disturbance (or sleep 

disorder) had a significant negative effect on most cognitive domains (global 

cognitive function, long-term verbal recall, long-term verbal recognition, and all EF 

sub-domains excepting inhibition). These effects were not moderated by age, disease 

duration or medication. The majority of studies (11 of 16) concentrated on REM 

sleep behaviour disorder (RBD), and there were very few studies examining other 

types of sleep disorder (such as chronic insomnia, OSA, and RLS), revealing key 

knowledge deficits in this field.  

The Parkinson’s Disease Sleep Scales have become ubiquitous in PD research 

as they measure a range of common sleep symptoms in PD, in a very brief format. In 

order to: i) obtain more reliable data from a questionnaire measure; and, ii) to 

examine a broad range of sleep symptoms on cognition, Study 2 (Chapter 4) 

analysed a variant of the PDSS using a multidimensional framework. The findings 

from this study suggested that multidimensional modelling, which accounts for the 

tendency for items to measure multiple constructs simultaneously, is useful for 
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improving the sensitivity of such scales by partialling out variance unique to specific 

item clusters while simultaneously accounting for variance shared by all items.    

Study 3 (Chapter 5) modelled the relationships between patient characteristics 

(e.g. sex, age, premorbid IQ) and PD variables (e.g. disease duration, medication), 

sleep symptoms on the PDSS questionnaire, and cognition to determine whether 

these relationships were different in people with early and late-onset PD. Both 

greater general sleep disturbance and more severe insomnia predicted better memory 

in younger-onset PD, but poorer memory and EF, respectively, in older-onset PD. 

Greater OSA and RBD symptoms predicted poorer memory and EF (visual episodic 

memory and spatial working memory) in the younger-onset group only. Reanalysis 

of the path models combining all participants into a single sample supported the 

hypothesis that significant effects would be lost or diluted when the sample was not 

divided by subtype. 

Given that subjective sleep complaints frequently do not correspond closely 

with objective sleep (e.g. Shpirer et al., 2006; Sixel-Döring, Trautmann, 

Mollenhauer, & Trenkwalder, 2012) and that this might explain the challenging 

pattern of findings in Study 3, Study 4 (Chapter 6) examined objective sleep indices 

measured using PSG and cognitive function in 20 individuals with PD and 20 case-

matched controls. The most striking result to emerge from these data is that 

objectively measured indices of sleep are differentially associated with cognition in 

PD and controls, but these relationships vary not only in strength but direction. 

Shorter sleep duration, increased wake after sleep onset, more respiratory arousals, 

and, less time in N2, all predicted better cognition in PD. The inverse was true for 

controls.  
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This pattern of ostensibly paradoxical findings, where ‘poorer’ sleep was 

associated with better cognition in PD compared to controls, parallels the findings in 

early versus late-onset PD. In younger-onset PD, more overall sleep disruption or 

more severe insomnia predicted better cognition, but poorer cognition in older-onset 

PD. If restorative sleep is essential for normal cognitive function, how then do we 

explain these counter-intuitive findings? 

Given that these findings were in the opposite direction to our hypotheses, and 

that they diverge somewhat from the established literature, we need to consider the 

risk of type I error. The following factors may have affected our findings: 

i) Measurement error. 

In Studies 2 and 3 (Chapters 4 and 5), the Parkinson’s Disease Sleep Scale-

Revised (PDSS-R; Tse et al., 2005) was used to measure sleep disturbance. The 

original scale (the PDSS; Chaudhuri et al., 2002) and the most recent version (the 

PDSS-2; Trenkwalder et al., 2011) have been widely implemented. However, the 

PDSS-R was proposed to address shortcomings of the PDSS, with changes to item 

content and scoring direction; this version remained only a suggested scale. We 

elected to use the PDSS-R, even though it had not been validated as, at the time data 

collection for the ParkC study was initiated, the PDSS-2 was not yet released, and 

the PDSS did not have any items measuring sleep-disordered breathing or RBD. A 

major criticism of the PDSS scales, in general, has been the limited validation 

process, which largely consisted of correlating PDSS scores with scores on other 

sleep scales (Santamaria, 2015). In addition, given the inconsistent ways in which 

scale scores have been calculated and reported in different studies, and the 

significant item overlap between the three variants, the use of the PDSS-R, as 

opposed to one of the other PDSS variants, is unlikely to have contributed 
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significantly to measurement error. Moreover, a well-fitting, theoretically sound 

factor structure was identified for PDSS-R data, which allowed modelling of both 

overall sleep disturbance and specific sleep symptoms. 

 In Study 4 (Chapter 6), home, rather than in-lab PSG was used. As home 

PSG is not monitored by a sleep technician during the night, signal quality is poorer 

than in-lab PSG. Nonetheless, a sleep study conducted in one’s home reduces the 

‘first night effect’ (where individuals tend to sleep poorly in an unfamiliar 

environment), offering increased ecological validity (Edinger et al., 1997). For this 

reason, home PSG is often selected for naturalistic studies of sleep in clinical 

populations (e.g. Blagestad et al., 2012). The absence of video recordings and the 

quality of submental EMG signals, however, impeded the identification of RBD. 

While this information would have allowed a more nuanced interpretation of the 

results, the impact of RBD on cognition was not a central hypothesis in Study 4, and, 

fundamentally, would not have influenced the measurement of key variables. 

ii) Differences in sampling parameters 

 The potential for sampling bias also warrants consideration. The meta-

analysis reported in Chapter 2 revealed that all studies had used samples drawn from 

clinic populations. ParkC, however, comprises a community sample, and so it is 

possible that our sample had less severe PD than others that have been reported. 

Whilst sampling bias frequently drives disparate results between studies, the 

inclusion criteria applied in our empirical studies (e.g. a diagnosis of idiopathic PD, a 

score ≥24 on the MMSE, no neurological comorbidities, etc.), are standard criteria 

within the field. Furthermore, while there is certainly wide variation in PD samples, 

the characteristics of the ParkC cohort are comparable to the sample characteristics 

of 16 studies included in our meta-analysis (see Table S7.1). 
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Having considered common sources of Type I error, it seems likely that one 

explanation for these results is differences in analyses between the empirical studies 

presented in this thesis and those typically undertaken.   

 Common techniques for processing data from the PDSS scales include: 

calculating a PDSS total scale score; calculating factor scores from a model that may 

poorly fit the data, or using only selected item scores. In Study 2 (Chapter 4), we 

instead applied a multidimensional measurement model. A multidimensional 

measurement model partials shared and unique error variances into general and 

specific sub-factors, respectively, thereby increasing the sensitivity of these factors. 

In Study 3 (Chapter 5), we first divided the sample by subtype: as this decreased 

heterogeneity, it subsequently increased statistical power. Additionally, rather than 

using standard regression, we employed path analysis, which simultaneously models 

relationships between numerous covariates and dependent variables without the 

concomitant loss of statistical power that accompanies standard regression. Finally, 

to assess how relationships differ between groups (as in Study 4), moderation 

analysis is needed but infrequently used. 

Finally, the fact that effects converge across two studies, despite the use of 

different methodologies suggest that the observed effects are, while somewhat 

inconsistent with our hypotheses, real effects.       

Theoretical and Clinical Relevance of the Findings 

Despite an inability definitively to answer the central question posed by this 

thesis ‘do sleep symptoms exacerbate cognitive symptoms in PD, or do they arise 

from shared neural mechanisms?’, the findings reported in this thesis are, 

nonetheless, thought-provoking. If the relationships between types of sleep 

disruption and cognition vary both within PD and between individuals with PD and 
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individuals who do not have a neurological illness, what are the implications for how 

we measure and interpret sleep disturbance in PD?   

How do principles of sleep medicine transfer to PD?  

The work presented in this thesis set out to test a series of hypotheses 

formulated from a body of evidence within the sleep medicine and psychology 

literatures. Chronic sleep debt contributes to an array of cognitive problems (Waters 

& Bucks, 2011), and even relatively mild sleep restriction can impair performance 

(Banks & Dinges, 2007). For sleep to be restorative, it must be continuous (Bonnet, 

1986a). Frequent arousals disrupt sleep and perturb cognition (Stepanski, 2002). 

Tononi and Cirelli, (2003) emphasise the role of SWS in maintaining synaptic 

plasticity and allowing for new learning. Sleep-related breathing disorder is a 

particular focus of sleep medicine. The combination of frequent arousals which 

disrupt sleep continuity and concomitant repeated transient hypoxia have significant 

effects on memory and EF (Beebe & Gozal, 2002; Bucks et al., 2013). While our 

hypotheses may appear overly simplistic in light of the nature of the significant and 

complex ways in which sleep structures are damaged over the course of PD, the core 

assumptions arising from these theories underpin the ways in which we measure and 

interpret sleep disturbance in PD. Essentially, sleep metrics are measured and 

interpreted in much the same way in PD as they are in the general population. That 

is, quantity is used to index quality. For example, longer sleep duration and 

efficiency, and shorter wake after sleep onset (WASO) or fewer arousals are 

regarded as indicators of better sleep. Findings from Studies 3 and 4 suggest that 

principles from sleep medicine do not easily transfer to PD. 

To our knowledge, the final study reported in this thesis is the first to examine 

the relationship between sleep and cognition in PD and matched healthy controls 
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using PD status as a moderator. Just as age moderates the relationship between sleep 

and cognition, so too does PD. Given that when PD patients were compared to 

healthy controls, there were few between-group differences for either sleep or 

cognitive variables, it is noteworthy that the relationships between the variables were 

entirely different. 

Reflecting on the differences between sleep in PD, and sleep in the general 

population Rye, (2004) observes, that under typical conditions, poor night-time sleep 

is followed by daytime sleepiness. Homeostatic sleep drive is a powerful regulator of 

sleep (Borbély & Achermann, 1999). Following a period of poor or insufficient 

sleep, sleep pressure should increase, alertness should decrease and the subsequent 

sleep period is typically characterised by increased REM, increased slow wave 

activity, and proportionally less time spent in N1 and N2 (Borbély & Achermann, 

1999). Frequently, this is not the case in PD. Rather, individuals who have poor 

nighttime sleep tend also to be more alert during the day, whilst it is those who 

experience better night-time sleep who demonstrate higher sleep propensity (Rye, 

2004). 

There is strong evidence that some types of sleep disturbance (RBD and, to a 

lesser extent, EDS) are associated with cognitive decline. The evidence for an 

association between other types of sleep disturbance (SRBD and insomnia) and 

cognition in PD is scant or equivocal (Gagnon, Postuma, & Lyonnais-Lafond, 2015). 

Sleep in PD is complex. For example, insomnia and EDS can, and frequently do, 

simultaneously exist in the same patient. Insomnia may be caused by different 

mechanisms in early and late PD. Moreover, the neural bases of many sleep 

disorders in PD are, at present, ill-defined and we have few longitudinal data.  
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 Sleep research in PD is challenging, and the following examples explain why 

it may be difficult to identify the relationships between sleep disruption and poor 

cognition. 

i) The causes and consequences of sleep symptoms may vary dramatically 

by subtype, age, and gender 

Adding another layer of complexity to research in this field is that sleep 

symptoms do not uniformly affect cognition in all PD patients. This was most 

evident in Study 3, where more severe insomnia and general sleep disturbance were 

associated with better cognition in younger-onset PD, but poorer cognition in older-

onset PD. OSA and RBD conversely were associated with poorer sleep in younger-

onset PD and had no effect in older-onset PD. Although the finding that insomnia, 

was associated with better cognition in younger-onset PD seems counter-intuitive, 

these findings converge with others within the PD literature. More severe insomnia 

was associated with higher MMSE scores (Kim et al., 2014), and data from the 

PROPARK cohort indicated that individuals with difficulty sleeping had better 

cognition (Verbaan et al., 2008). These effects may have been evident due to 

idiosyncrasies in both of these samples. The gender-balance of the sample used in 

Kim et al. (2014) was atypical for the field. PD is more prevalent in men, affecting 

approximately 1.5 males for every female (Scott et al., 2000), and this is generally 

reflected in sample demographics. Men comprised only 41% of Kim et al.’s sample. 

As discussed in detail in Chapter 5, there are systematic differences in the way that 

PD manifests in men and women. Women tend to report more severe insomnia, but 

experience slower cognitive decline; perhaps the unusual gender distribution in this 

sample underlies this significant finding. The findings from the PROPARK study are 

also interesting; Verbaan et al. 2008 also had a somewhat unusual sample. The age 
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of the PROPARK sample was young, 61.1±11.5 years, relative to other cohorts 

(mean age is typically 67-73 years; Verbaan et al., 2008). As one would expect in a 

young sample, many of the PROPARK cohort developed PD at an early age. By way 

of comparison, in the same cohort, those with older-onset PD tended to have more 

frequent or severe EDS and poorer cognition (Verbaan et al., 2008). Specific sleep 

symptoms affect cognition differentially in particular groups of patients, 

consequently, the demographics of a given sample may influence the outcome of that 

study. Furthermore, the use of a ‘representative sample’ and standard statistical 

techniques, where the sample is undivided, may actually obscure these effects. 

ii) There are variable effects of different types of sleep symptoms in PD.  

To delineate the relationship between sleep and cognition in PD, understanding 

why sleep is disturbed is critical. Two of the scales for measuring overall sleep 

quality recommended by the Movement Disorders Society (MDS; Högl et al., 2010) 

were the PDSS and the Pittsburgh Sleep Quality Inventory (PSQI). The PDSS has 

been covered in detail in previous chapters but, broadly, it has been specifically 

designed to measure sources of common sleep disturbance in PD, and very 

commonly items are summed to provide a total score, indexing ‘sleep disturbance’. 

The PSQI was designed by Buysse, Reynolds, Monk, Berman, and Kupfer, (1989) to 

measure sleep in psychiatric populations. The PSQI is comprised of seven subscores 

(subjective sleep quality, sleep latency, sleep duration, sleep efficiency, sleep 

disturbances, use of sleeping medication, and daytime dysfunction). The PSQI is 

used as an overall measure of sleep quality in PD and, typically, the global score (the 

sum of the seven subscores) is reported.   

Chapter 6 demonstrated that disturbed sleep often was associated with better 

cognitive performance in PD, except in the case of PLMS. Path Analyses in Chapter 
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5 demonstrated a differential association between different clusters of sleep 

symptoms and cognition.  Insomnia predicted poorer spatial working memory, and 

better fluency and verbal recognition, but OSA and RBD symptoms predicted poorer 

visual recognition memory and poorer spatial working memory. The general factor 

score predicted poorer visual recognition memory and poorer spatial working 

memory. As our general factor score included variance from each item in the PDSS-

R, it can be conceptualised as an analogue to the PDSS total score. The critical 

difference is that by using a bifactor analysis to model variance, the unique variance 

contributed by insomnia and OSA and RBD items no longer forms part of this score. 

Although the general factor score still measures several aspects of sleep, the unique 

variance contributed by these three sleep disorders was filtered from the overarching 

score; this is not the case with total scores for the PDSS scales. Herein lies the 

danger of computing compound or total scores in PD. Individual components of 

sleep may be differentially affected in PD and have a different association with 

cognition. By summing scores, these relationships will be eliminated.   

iii) PD is a multi-organ, multi-system neurodegenerative disease; sleep 

symptoms cannot be considered in isolation.  

Parkinson’s disease has systemic effects, as such, symptoms may interact and 

confound measurement. The apnoea-hypopnoea index (AHI) is a metric that 

expresses the total number of respiratory events (apnoeas and hypopnoeas per hour 

of sleep). The severity of SRBD is categorised by using this metric (<5 normal; 5-15 

mild; 15-30 moderate; >30 severe). In PD research, the AHI has been used in the 

following ways: as a criterion for case-matching participants (Diederich, Vaillant, 

Leischen, et al., 2005); and as a means for diagnosing SRBD or stratifying SRBD 
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samples (e.g. Beland et al., 2015; Cochen De Cock et al., 2010). However, is the 

AHI a meaningful index in PD? 

Multiple mechanisms act to regulate respiration during sleep. When breathing 

is interrupted, typically, either a reflexive response from the upper airway dilator 

muscles or a response from the sympathetic nervous system is required to terminate 

a respiratory event, often resulting in a cortical arousal (Eckert & Younes, 2014). 

The responsiveness of many of these systems is impaired in PD (see Kaminska et al., 

2015 for a review). An individual with dysautonomia, an increased arousal threshold 

or decreased chemosensitivity, is likely to be less efficient in terminating respiratory 

events. In this case, each event is likely to persist for a longer period than if these 

mechanisms were working effectively. This is problematic as the AHI is a time-

bound index. Moreover, although we know that features such as dysautonomia are 

prevalent in PD, these symptoms are not universal, and patients are affected to 

varying degrees (Wolters, 2008).  

That individuals with PD respond less frequently to respiratory arousals is 

noted consistently in the literature (Cochen De Cock et al., 2010; Diederich et al., 

2005; Nomura, Inoue, Kobayashi, Namba, & Nakashima, 2013; Valko, Hauser, 

Werth, Waldvogel, & Baumann, 2012). As sleep fragmentation is one of the primary 

mechanisms by which OSA is hypothesised to disrupt cognition (see: Aloia, Arnedt, 

Davis, Riggs, & Byrd, 2004; Beebe & Gozal, 2002; Verstraeten, 2007), it has been 

suggested that SRBD is less likely to impact cognition in PD (Cochen De Cock et 

al., 2010; Diederich et al., 2005; Nomura, Inoue, Kobayashi, Namba, & Nakashima, 

2013; Valko, Hauser, Werth, Waldvogel, & Baumann, 2012).  The data from Study 4 

(Chapter 6) suggest that this may not be the case. Individuals with PD who 

experienced more respiratory arousals (i.e. these individuals had SRBD, but were 
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responsive to respiratory events) also had better memory. Effectively, this highlights 

that the effects of SRBD are unlikely to be uniform in PD. When studying the effects 

of SRBD, we need also to account for the presence of symptoms that may increase 

inter-individual variability in clinical presentation. 

Limitations 

  We are limited in the conclusions we are able to make regarding the 

underlying mechanisms driving the differential associations between the percentage 

of sleep time in REM and N2 and cognition as we have information only about sleep 

macroarchitecture. Standard PSG is visually scored and is not sensitive enough to 

detect some of the characteristic changes to EEG that coincide with cognitive 

changes (Christensen et al., 2015). Spectral analysis is increasingly used to capture 

subtle variations in the EEG and can automatically detect not only the quantity of a 

given feature but also its morphological features. Higher spindle density (i.e. more 

frequent sleep spindles during NREM) are associated with better performance on 

verbal learning, visual attention and verbal fluency tasks in healthy older adults 

(Lafortune et al., 2014). Spectral analysis has also been useful for characterising 

morphological changes in sleep spindles characteristic to PD and quantifying a 

significant decrease in spindle generation (Christensen et al., 2015); particularly in 

PD patients who go on to develop dementia (Latreille et al., 2015). It may be 

changes in the quality, rather than the quantity of sleep that underlie cognitive 

decline: it is not possible to capture these changes using home PSG.  

Moreover, it is increasingly evident that insult to the circadian system is a 

common mechanism by which sleep is disrupted in PD, particularly in individuals 

with concomitant cognitive impairment (Kondratova & Kondratov, 2012; Zhong, 
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Bolitho, Grunstein, Naismith, & Lewis, 2013). A measure of circadian function may 

have facilitated a more nuanced interpretation of our findings. 

Future Directions 

Sleep in PD is heterogeneous. Indeed, sleep disorder appears to be a central 

deficit in PD, and the nature of sleep disorder may help to differentiate subtype in 

data-driven analyses. However, we must measure sleep in a meaningful way. Single 

measures such as SE on actigraphy and sleep quality on questionnaires treat sleep as 

homogeneous. It may matter less that sleep is disrupted, than why sleep is disrupted: 

Insomnia, RLS, PLMD, RBD, pain, nightmares, all disrupt sleep in some common 

way. We need a model that takes care of heterogeneity, in explaining how this 

dysfunction evolves over time, in which patients, and with what consequences. Such 

a model needs to take account of the complex neuropathology and neurochemistry of 

PD. Once a model exists, we will be better situated to develop and refine 

measurement tools.   

Conclusions 

In conclusion, the studies presented in this thesis aimed to clarify the nature of 

the relationship between sleep and cognitive symptoms in PD. Self-reported sleep 

quality predicts memory and EF differentially in younger and older-onset PD. Of 

note was the finding that sleep metrics that predict better cognition in controls 

predict poorer cognition in PD. This suggests that principles from sleep medicine do 

not translate well to PD and raises difficult questions about whether and how we are 

measuring the key sleep variables associated with cognition in PD. Longitudinal 

research is necessary to explore the evolution of sleep disruption throughout the 

course of PD, and how this is affected by subtype, age, gender, and other clinical 

features of PD. 
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Appendix A 

Forest plots from Meta-Analysis (Chapter 2) 
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Appendix B 

Detailed information about studies included in the meta-analysis from Chapter 2 

published as online supplementary material 

Table S2.1 

Publication and methodological details of included studies.  

Reference Methodology and Main Findings 

Bugalho et 

al. (2011)  

N= 75 participants with PD 32 men, 43 women. Mean age 72.56 years (SD 

7.20 years). Mean disease duration 2.76 years (SD 1.37 years). 

- Exclusion criteria: Neurological conditions other than PD, Hoehn & Yahr 

> 2.5, Disease duration > 5 years 

- Methodology Compared the cognitive performance of PD patients who 

were RBD+ and RBD- (as identified by the RBD Screening Questionnaire 

and clinical interview) and neuropsychological assessment of basic global 

cognitive function and executive function. 

- Findings No difference in cognitive performance between those who had a 

history of RBD symptoms and those with no history of RBD symptoms 

- Methodological Issues 1, 2, 3, 5, 8 

Cochen de 

Cock et al. 

(2010) 

N= 100 participants with PD, (70 men, 30 women). Mean age 62.4 years 

(SD 9.15 years). Mean disease duration 7.5 years (SD 4.55 years).  

- Exclusion Criteria MMSE<21 

- Methodology Compared 50 unselected PD patients and 50 PD patients 

selected for daytime sleepiness. Examined both groups using PSG to 

determine respective rates of obstructive sleep apnoea (OSA). They then 

looked for evidence of cognitive dysfunction associated with OSA by 

comparing the MMSE scores of those with and without OSA.     

- Findings There were no group differences in MMSE scores. 

- Methodological Issues 2, 3, 4, 5, 8, 9  
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Gagnon et al. 

(2009) 

N= 48 participants with PD (32 men, 16 women.) Mean age 65.89 years 

(SD 8.64 years). Mean disease duration 5.27 years (SD 3.34 years).     

- Exclusion Criteria MMSE<26, <7 years education, atypical PD, major 

depression, dementia, obstructive sleep apnoea  

- Methodology Compared the cognitive performance of PD patients who 

were RBD+ and RBD- (as identified by PSG) on neuropsychological 

assessment 

- Findings Compared to people with PD only, people with PD and 

concomitant RBD demonstrated poorer performance on the majority of 

cognitive measures including digit span, trail making test- part b, the Stroop 

task, RAVLT (Trials 1-5, immediate recall, delayed recall), Rey-Osterreith 

complex figure and Block Design.     

- Methodological Issues 2,10 

Goldman et 

al. (2013) 

N= 93 participants with PD, 69 men, 24 women. Mean age 73.62 years (SD 

6.33 years). Mean disease duration 10.73 years (SD 4.12 years).    

- Exclusion Criteria disease duration <4 years, severe or unstable 

depression, anticholinergic medications, neurological problems other than 

PD, known untreated or unstable sleep disorders (e.g. OSA), participant 

must be excluded if cognitive symptoms preceded motor symptoms and 

they developed dementia.   

- Methodology Correlated neuropsychological performance over a range of 

tasks with sleep quality (as measured by the Pittsburgh Sleep Quality Index: 

PSQI scores). 

- Findings There were no correlations between any of the cognitive test 

scores and PSQI scores  

- Methodological Issues 1, 3, 8, 9 

Lavault et al. 

(2010) 

N= 61 participants with PD (39 men, 22 women), mean age 64.33 years (in 

2005), mean disease duration 6.89 years (in 2005) 

- Exclusion Criteria MMSE <18 

- Methodology Compares the cognitive performance of people with PD who 

are RBD+ and RBD- (as identified by questionnaire and clinical interview 

with patient and bed partner). 

- Findings There were no group differences in either global cognitive ability 

or executive function. 

- Methodological Issues 1, 2, 3, 5, 10 
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Marion et al. 

(2008) 

N= 65 participants with PD (41 men, 24 women). Mean age 67.54 years 

(SD 6.66 years). Mean disease duration 7.04 years (SD 5.95 years) 

- Exclusion Criteria: atypical PD 

- Methodology: Compared the cognitive performance of PD patients who 

were RBD+ and RBD- (as identified by Mayo RBD Screening 

Questionnaire and clinical interview) on neuropsychological assessment 

- Findings: No statistically significant differences in any of the tests but 

results approaching significance in the Verbal Fluency and Symbol Digit 

Modalities measures 

- Methodological Issues: 1, 2, 3, 5, 8, 10 

Meral et al. 

(2007) 

N=79 participants with PD (50 men, 29 women). Mean age 66.15 years 

(SD= 8.65 years). Mean disease duration 6.36 years (SD= 3.55 years)  

Exclusion Criteria: People diagnosed with dementia, depression, on 

anticholinergics, on beta blockers, < 1 year disease duration, < 1 year on L-

Dopa, H&Y >4 

- Methodology: Compared the cognitive performance of PD patients who 

were RBD+ and RBD- (as identified by clinical interview) on 

comprehensive neuropsychological assessment 

- Findings: Found no statistically significant differences between 

performance of groups on any cognitive domain 

- Methodological Issues: 1, 2, 6, 7 

Naismith et 

al. (2011) 

N=101 participants with PD, 52 men, 49 women. Mean age 65.3 years (SD 

8.4 years). Mean disease duration 5.9 years (SD 5.2 years). 

- Exclusion Criteria MMSE<24, dementia, depression 

- Methodology Compared the cognitive performance of people with PD who 

reported disturbed night-time sleep (on the SCOPA-night questionnaire) 

with those who reported undisturbed sleep. Compared the cognitive 

performance of those who reported RBD symptoms (on the REM Sleep 

Behaviour Disorder Screening Questionnaire) with those who reported no 

RBD symptoms.  

- Findings Disturbed sleep was associated with poorer performance on the 

Digit Span backwards task as well as in the Logical Memory I and II tasks. 

People who reported symptoms of RBD demonstrated poorer performance 

on the Digit Span backwards task and the Verbal Fluency task.  

- Methodological Issues 1 
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Nardone et 

al. (2013)  

N= 23 participants with PD, 17 men, 6 women. Mean age 64.66 years (SD 

6.44 years). Mean disease duration 5.57 years (SD 2.58 years). 

 

-Exclusion Criteria Other neurological, psychiatric or cardiovascular 

disease. Beck Depression Inventory Score >14, Vigilance impairment (as 

measured by a score >1 second on the four choice reaction time test). 

Participants treated with anticholinergic medications, those currently using 

benzodiazepines.  

-Methodology Participants with PD who were RBD+ or RBD- (identified by 

PSG) were compared across a comprehensive neuropsychological battery. 

-Findings 90% of participants with RBD were found to have MCI compared 

to 38% of participants without RBD. This represents a significant difference 

between groups. This study used transcranial magnetic stimulation (TMS) to 

investigate the cholinergic networks implicated in MCI in PD. 

-Methodological Issues 2, 6, 9, 10 

Plomhause et 

al. (2013) 

N= 57 participants with PD (all participants were newly diagnosed and drug 

naïve), 35 men, 22 women. Mean age 61.49 years (SD 10.81 years). Mean 

disease duration 13.81 months (SD 9.61 months).  

 

- Exclusion Criteria dementia, neurologic comorbidities, antiparkinsonian 

medications, irregular use of psychotropic medications in last 3 months 

 

- Methodology Compared PD patients who were RBD+ or RBD- (identified 

by PSG) on a range of neuropsychological measures 

 

- Findings There were no significant differences between the groups on any 

of the cognitive measures. 

 

- Methodological Issues 2, 3, 8, 9 

Sinforiani et 

al. (2006) 

N= 110 participants with PD (65 men, 45 women). Mean age 66.60 (SD= 

8.19 years). Mean disease duration 10.04 years (SD= 4.74 years). 

- Exclusion Criteria: Disease Duration > 5 years 

- Methodology: Compared the cognitive performance of PD patients who 

were RBD+ and RBD- (as identified by clinical interview with the patient 

and their bed partner) on neuropsychological assessment  

- Findings: People with RBD performed more poorly on the Wisconsin card 

sorting task than those without RBD. Those who also experienced visual 

hallucinations in addition to RBD also demonstrated poorer performance in 

Corsi’s block tapping test, logical memory and Raven’s matrices than those 

without RBD and concurrent visual hallucinations. 

- Methodological Issues: 1, 2, 8 
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Sixel-Doring 

et al. (2011) 

N=457 participants with PD 288 men, 169 women. Mean age 67.38 years 

(SD 10.38 years). Mean disease duration 14.70 years (SD 5.05 years).  

- Exclusion Criteria Severe dementia (MMSE< 10), acute psychosis, 

patients not able to co-operate in sleep lab 

- Methodology Compared the MMSE scores of people with and without 

RBD (identified by PSG)  

- Findings There were no group differences in MMSE scores. 

- Methodological Issues 3, 5, 8, 9 

Sixel-Doring 

et al. (2014) 

N= 159 participants with PD (all participants were drug naïve) 104 men, 55 

women. Mean age 65 years (SD 10 years). All participants were newly 

diagnosed.   

- Exclusion Criteria MMSE <26, current or past treatment with 

antipsychotics, severe vascular encephalopathy or normal pressure 

hydrocephalus on magnetic resonance imaging (MRI),  signs or symptoms 

suggestive of multiple system atrophy or progressive supranuclear palsy or 

medication induced PD 

- Methodology Compared PD patients with events related to RBD (RBEs; 

movements observed on video PSG during REM sleep) to PD patients who 

did not demonstrate RBEs on a range on neuropsychological measures. 

- Findings There were no significant differences between the RBE and non-

RBE groups on any of the cognitive measures. 

- Methodological Issues 2, 8, 9 

Stavitsky 

(2012) 

N= 35 participants with PD, 22 men, 13 women. Mean age 66.2 years 

(SD=7.9 years), mean disease duration 8.8 years (SD=5.1 years)  

- Exclusion Criteria MMSE <25, history of substance abuse, head injury, 

neurological disorders other than PD 

- Methodology This study correlated measures of sleep quality such as sleep 

latency, wake after sleep onset, total sleep time, sleep efficiency and sleep 

fragmentation (as measured by actigraphy) with measures of cognitive 

performance.   

- Findings They found a significant correlation between sleep efficiency and 

measures of attention and executive function. 

- Methodological Issues 1, 3, 9 



Sleep and Cognition in Parkinson’s Disease 192 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note: OSA- obstructive sleep apnoea; PD-Parkinson’s disease; PSG- polysomnography; 

RBD- REM sleep behaviour disorder  

Methodological Issues: 

1. Sleep measure may be insensitive to detect sleep problems common in PD 

2. Study focused on one dimension of sleep  

3. Cognitive measure may be insensitive to types of cognitive dysfunction associated 

with stage of PD assessed or summary scores used which will hide effects 

5. Cognitive measures not targeted at sleep related changes 

6. Inappropriate statistical methods used 

7. Very high number of participants excluded, potentially reducing variance 

8. Failed to exclude depression or to control for depressive symptomatology 

9. Failed to control for years of education or premorbid IQ 

10. Failed to control for age/gender   

Verbaan et al. 

(2010) 

N= 269 participants with PD, 172 men, 97women. Mean age 61.5 years (SD 

9.8 years). Mean disease duration 13.3 years (SD 6 years).   

- Exclusion Criteria MMSE <24, non-Caucasian ethnicity 

- Methodology Compared the cognitive performance of PD patients with 

RLS (assessed by the IRLSSG) to those without RLS using the SCOPA-

COG assessment. 

- Findings There were no differences in cognitive performance between 

groups 

- Methodological Issues 1, 2, 3, 4, 5, 9 

Yoritaka et 

al. (2009) 

N= 150 participants with PD (70 men, 80 women). Mean age 68.5 years 

(SD 9.8 years). Mean disease duration 6.4 years (SD 4.6 years).  

- Exclusion Criteria Hoehn & Yahr of 5, people with secondary 

parkinsonism, Lewy Body Dementia, single patients (needed bed partner to 

verify symptoms) 

- Methodology Compared the cognitive status of PD patients who were 

RBD+ and RBD- (as identified by clinical interview with participant and 

their partner).    

- Findings 27.2% of RBD+ group and 10.1% of RBD- group fell below pre-

specified cut-off on the MMSE (23 points). This was a significant 

difference. 

- Methodological Issues 1, 2, 3, 4, 5, 8 
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Table S2.2 

Descriptions of cognitive domains examined in this review, neuropsychological tests used in included studies and the deficits 

 observed in these domains in the PD literature 

 

Category Description Tests that tap this cognitive skill/ 

Used By  

Pattern of deficits observed in PD  

Global 

Cognitive 

Function 

Refers to a composite score that summarises a 

person’s overall mental abilities. Tests that 

measure global cognitive function will tap a 

number of cognitive domains typically memory, 

executive functions, working memory and 

visuospatial/ constructional ability.   

 Mini Mental State Examination 

(MMSE) 

Bugalho (2011) 

Meral (2007) 

Sinforiani (2006) 

Plomhause (2013) 

Nardone (2013) 

Cochen de Cock (2010) 

Naismith (2011) 

Sixel-Doring (2013) 

Lavault (2010) 

Sixel-Doring (2011) 

Mattis Dementia Rating Scale  

Nardone (2013) 

Plomhause (2013) 

SCOPA-COG 

Verbaan (2010) 

Short Test of Mental Status 

Meral (2007) 
 

At diagnosis, global cognitive function in PD is typically close to 

ceiling when measured by a common test like the MMSE. MMSE 

scores, however, change at a rate of approximately +1.4 to -6.8 

points per year (mean -0.3 points, SD 0.1 points; (Williams-Gray 

et al., 2007). Risk factors for rapid decline in global cognitive 

function are age (>70 years), a non-tremor dominant subtype of 

PD, a high UPDRS motor score and poor baseline performance 

on the pentagon copying (visuospatial) component of the MMSE 

at baseline.      
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Memory Memory refers to the way that information is 

encoded, stored and retrieved. There are many 

sub-categories of memory (verbal vs. visual; 

short term vs. delayed; recall vs. recognition) 

and a person who experiences difficulties in one 

sub-domain may demonstrate intact 

performance in other sub-domains. 

Memory Summary Score  

Stavitsky (2012) 

Goldman (32) 

In early PD, memory tasks are often unaffected compared to 

healthy aged-matched controls (Farina et al., 2000).  In moderate 

PD, amnestic deficits are the second most common form of mild 

cognitive impairment (MCI) in PD according to a study by 

Caviness et al., (2007). Memory problems can be predictive of 

eventual dementia in PD (Levy et al., 2002).  

* Short Term 

Verbal Recall 

The ability to recall (non-cued) verbal 

information within 2 minutes of presentation 

Digit Span Forwards 

Sinforiani (2006) 

 

Cooper, Sagar, Jordan, Harvey, and Sullivan, (1991) found that 

people with early PD, who were not yet on medication had 

indistinguishable results on measures of short term verbal recall.   

* Short Term 

Spatial Recall 

The ability to recall (non-cued) spatial 

information within 2 minutes of presentation 

Corsi’s Block Tapping Test 

Sinforiani (2006) 

 

Lange et al. (1992) noted that people with PD performed worse 

than controls on Corsi’s block tapping task. This disparity was 

exacerbated when LDopa therapy was withdrawn.  

Long Term 

Verbal Recall 

 

The ability to recall (non-cued) verbal 

information after a period >2 minutes from 

presentation 

 

SBST Immediate Verbal Recall  

Meral (2007) 

RAVLT Immediate Verbal Recall  

Gagnon (2009) 

Plomhause (2013) 

Logical Memory I  

Naismith (2011) 

SBST Delayed Verbal Recall 

Meral (2007) 

Logical Memory Test 

Sinforiani (2006) 

RAVLT Delayed Verbal Recall 

Gagnon (2009) 

Plomhause (2013) 

Logical Memory II 

Naismith (2011) 

Aarsland, Brønnick, Larsen, Tysnes, and Alves, (2009) examined 

a community sample of newly diagnosed, unmedicated PD 

patients and found that PD patients performed slightly worse on 

the California Verbal Learning Test Immediate Recall Test 

(partial Eta Square= 0.027) 

When examining newly diagnosed patients with PD, Muslimovic 

et al. (2005) found that 11% of patients scored significantly below 

normative data for delayed verbal learning.  
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Long Term 

Verbal 

Recognition 

The ability to recognise previously presented 

verbal information amongst distractors after a 

period > 10 minutes after presentation 

SBST Delayed Verbal Recognition 

Meral (2007) 

RAVLT Recognition  

Plomhause (2013) 

Gagnon (2009) 

 

Previous studies have found that delayed verbal recognition 

memory typically remains intact as PD develops (Breen, 1993; 

Taylor et al., 1990).   

*Long Term 

Visual Recall 

 

The ability to recall visual information after a 

period >2minutes following presentation 

 

Visual Memory Subtest of Weschler 

Memory Scale  

Meral (2007) 

 

In a small study of highly functional PD patients Mohr et al. 

(1990) demonstrated specific deficits in visual immediate recall, 

despite most neuropsychological function remaining intact.  

They demonstrated poorer performance on the delayed visual 

reproduction sub-section of the Weschler Memory Scale in a 

group of highly functional Parkinson’s patients with largely intact 

neuropsychological function.   

* Language Language skills require a person to access 

words stored in their lexicon and produce them 

at an appropriate time. Language skills are one 

of the first skills to develop and 

correspondingly, are one of the most robust 

skills when a patient is facing cognitive decline.   

 

Boston Naming Test  

Goldman (2013) 

 

Muslimovic et al.,(2005) demonstrated study that newly 

diagnosed people with PD demonstrated only a relatively small 

deficit in language tests relative to a healthy age-matched sample.   

Executive 

Function 

(EF- General) 

Executive or frontal functions collectively refer 

to the ‘higher order’ mental processes involved 

in planning, reasoning, set-shifting, inhibition of 

prepotent responses and updating mental sets.  

Frontal Assessment Battery  

Bugalho (2011) 

Lavault (2010) 

Executive Function Summary Score  

Stavitsky (2012) 

Goldman (2013) 

Consistently, research has shown that one of the earliest domains 

to be affected in PD is executive function (Levin & Katzen,1995; 

Lewis et al., 2003; Muslimovic et al., 2005). People who 

experience executive dysfunction early in the course of PD are at 

greater risk of developing significant cognitive decline as PD 

advances (Levy et al., 2002; Williams-Gray et al., 2007) 
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EF- Shifting Shifting back and forth between multiple tasks, 

operations or mental sets. Requires the 

disengagement of an irrelevant task set and 

subsequent engagement of a relevant task set 

when a new operation must be performed on a 

set of stimuli, necessary to overcome proactive 

interference or negative priming due to having 

recently performed a different operation.  

Wisconsin Card Sorting Test  

Meral (2007) 

Sinforiani (2006) 

Sixel-Doring (2013) 

Trails B  

Meral (2007) 

Naismith (2011) 

Sixel-Doring (2013) 

Gagnon (2009) 

 

Lees and Smith, (1983) note that PD patients, even in the very 

early stages of the disease course experience difficulty with set-

shifting. They demonstrate this principle in this study using the 

Wisconsin Card Sorting Test with participants who have early 

stage PD.  

EF-Updating Updating and monitoring of working memory 

representations. Requires the monitoring and 

coding of incoming information for relevance to 

the task, and then appropriately revising items 

held in working memory by replacing old, no 

longer relevant information with new more 

relevant information. Dynamically manipulate 

the contents of working memory.  

Digit Span Backwards  

Naismith (2011) 

Gagnon (2009) 

 

A study by Gabrieli, Singh, Stebbins, & Goetz, (1996) found that 

untreated PD patients had impaired working memory 

performance compared to healthy, age-matched controls. Cooper 

et al. (1991) found that untreated, early stage PD patients 

performed more poorly on the digit span backward test than did 

healthy age-matched controls. 

EF-Inhibition Inhibition of prepotent, dominant or automatic 

responses when necessary.  An internally 

generated act of control. 

Stroop Task  

Meral (2007) 

Plomhause (2013) 

Gagnon (2009) 

 

Hsieh, Chen, Wang, and Lai, (2008) demonstrated that people 

with PD lack the ability to effectively inhibit a prepotent response 

as demonstrated by their significantly poorer performance on the 

interference condition of the Stroop task when compared to 

healthy age-matched controls.  
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EF-

Generativity 

Speed and efficiency of access to long-term 

memory. An independent ability to create, 

generate or produce content without any input 

from what or whom? 

Verbal Fluency  

Meral (2007) 

Sinforiani (2006) 

Naismith (2011) 

Marion (2008) 

Sixel-Doring (2013) 

Gagnon (2009) 

In examining patients with early PD, Lees and Smith, (1983) 

noted that people with PD experienced difficulty with the verbal 

fluency task compared to controls. Williams-Gray et al., (2007) 

identified poor performance on verbal fluency tasks at baseline as 

being predictive of further cognitive decline as PD progresses. 

EF- Fluid 

reasoning 

Concept formation/abstraction & problem 

solving tasks. An intentional cognitive process 

that does not occur automatically, but rather 

involves the use of deliberate and controlled 

mental actions to solve novel problems.  

Raven’s Progressive Matrices 

Sinforiani (2006) 

WAIS Similarities 

Meral (2007) 

Clock Drawing Test  

Meral (2007) 

 

When profiling cognitive dysfunction in early PD Muslimovic et 

al. (2005), found that 11% of people scored at least 1.5 SDs 

below the mean on the Clock Drawing Test. On the other hand, 

Hietanen and Teravainen, (1988) demonstrated similar fluid 

reasoning skills in young onset PD patients, older onset PD 

patients and age matched healthy controls using the WAIS 

similarities test.  

* Denotes that domain is not included in meta-analysis due to insufficient data 
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Table S2.3 

Description of each sleep measure used in included studies 

 

Sleep Measure Metrics Studies That 

Used This 

Measure 

Polysomnography 

(PSG) 

- The following measures are collected during 

PSG including; brain activity 

(Electroencephalogram) to determine sleep stages 

and arousals, eye movements 

(Electroocculogram) to determine sleep stages, 

muscle activation (Electromyogram) to determine 

wake periods, arousals or limb movements, 

breathing related effort (chest expansion sensor) 

to determine respiratory patterns, and blood 

oxygen level (pulse oximetry) to determine 

desaturation. Time-locked infra-red video records 

movement that is synchronised to sleep stage data. 

Taken together, these measures are used to 

construct a complete picture of the sleep period 

- Definitively identifies sleep disorders such as 

REM sleep behaviour disorder (RBD) and 

Obstructive Sleep Apnoea (OSA) 

- Can be used to identify sub-clinical sleep 

problems like REM sleep without atonia and 

behavioural events during REM sleep (RBEs).  

Cochen de Cock 

(2010) 

Gagnon (2009) 

Nardone (2013) 

Plomhause (2013) 

Sixel-Doring 

(2011) 

Sixel-Doring 

(2013) 

 

Actigraphy - Measures sleep onset latency, sleep 

fragmentation, time spent awake after sleep onset, 

sleep efficiency and total sleep time.  

Stavitsky (2012) 

Clinical Interview Administered by an experienced clinician or 

researcher, a clinical interview addresses 

international classification of sleep disorder 

guidelines for sleep disorders or a structured 

questionnaire. Where possible, the bed partner is 

included as the patient may not be aware of their 

night-time behaviour.   

 

Bugalho (2011) 

Lavault (2010) 

Marion (2008) 

Meral (2007) 

Sinforiani (2006) 

Yoritaka (2009) 
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Mayo Screening 

Questionnaire 

(Boeve et al., 

2002) 

A 16 item, clinician administered scale, that 

focuses on features of RBD such as ‘appearing to 

act out dreams’, ‘flailing arms and legs’ and 

whether a bed partner has ever been injured by 

this behaviour.  

Meral (2007) 

 

International 

Restless Legs 

Syndrome Study 

Group Screening 

Questionnaire 

(IRLSSGS) 

The International 

Restless Legs 

Syndrome Study 

Group (2003) 

A 10-item scale which measures the presence and 

severity of facets of RLS including: level of RLS 

discomfort in limbs, relief on moving limbs, 

severity of sleep disturbance from RLS symptoms 

and effects of RLS symptoms on mood. 

Verbaan (2010) 

RBD Screening 

Questionnaire 

(RBDSQ) 

Stiasny-Kolster et 

al., 2007 

A ten item questionnaire with a binary response 

format which measures the presence of 

phenomena associated with RBD including vivid 

dreams, aggressive or action packed dreams, 

movements that awaken the individual, 

movements that injure the bed-partner and 

vocalisations during sleep. 

Bugalho (2011) 

Naismith (2011) 

Scale for 

Outcomes in 

Parkinson’s 

disease (SCOPA-

night) 

Marinus et al., 

(2003) 

SCOPA-night consists of 5 items that measure 

aspects of sleep quality including difficulty falling 

asleep, been awake too often, lying awake too 

long, waking too early and had too little sleep.   

Naismith (2011) 

Pittsburgh Sleep 

Quality Index 

(PSQI) 

Buysse et 

al.,1989 

A questionnaire designed to measure sleep quality 

over the last month. It yields 7 component scores 

(sleep quality, sleep latency, sleep duration, 

habitual sleep efficiency, sleep disturbances, use 

of sleeping medication and daytime dysfunction) 

and a global sleep quality score. The scale 

consists of 19 self-rated items and 5 questions that 

are completed by the bed-partner or room-mate.  

Goldman (2013) 
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Appendix C 

Table S5.1 

Model fit indices for Chapter 5 path models 

 S-B 

χ2 

χ2 

contribution 

Y-O/O-O 

RMSEA  

(90% 

CI) 

CFI TLI SRMR 

General Memory Multi-group 1.41 0.26/1.53 .00 

(.00-.21) 

1.00 1.00 .018 

General EF Multi-group 1.41 0.26/1.53 .00 

(.00-.21) 

1.00 1.00 .014 

General Combined 1.39 - .06 

(.00-.23) 

.999 .910 .011 

Insomnia Memory Multi-group 2.59 0.97/ 1.62 .06 

(.00-.24) 

.998 .922 .015 

Insomnia EF Multi-group 2.61 0.97/ 1.62 .06 

(.00-.24) 

.996 .892 .018 

Insomnia Combined 2.36 - .11 

(.00-.26) 

.997 .735 .016 

OSA RBD Memory Multi-

group 

3.29 3.61/0.09 .10 

(.00-.27) 

.995 .768 .024 

OSA RBD EF Multi-group 3.29 3.61/0.09 .10 

(.00-.27) 

.996 .660 .022 

OSA RBD Combined 1.52 - .05 

(.00-.22) 

.999 .940 .010 

Note: S-B χ2 = Satorra-Bentler Chi Square; RMSEA = Root Mean Squared Error of 

 Approximation; CFI = Comparative Fit Index; TLI= Tucker Lewis Index; SRMR = 

 standardised root mean square residual. Ideal values for fit indices; RMSEA ≤.05; RMSEA 

 90% CI must cross 0.05; CFI ≥.95; TLI ≥.95; SMSR ≤.08. 
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Table S5.2 

Standardised regression coefficients, standard errors and significance values

 for the multi-group path models of general factor scores 

 Younger Onset  Older Onset 

 β SE p  β SE p 

General 

Disease Duration -0.05 0.19 .772  -0.20 0.10 .043 

Age 0.12 0.19 .327  0.01 0.10 .923 

Sex -0.04 0.10 .723  0.21 0.11 .052 

DASS 0.29 0.09 .001  0.46 0.11 <.001 

LED 0.21 0.14 .126  0.32 0.11 .003 

        

Memory 
HVLT Total        

General 0.13 0.08 .114  0.04 0.13 .775 

Disease Duration -0.22 0.10 .020  -0.08 0.11 .433 

Age -0.19 0.10 .061  -0.34 0.10 .001 

Premorbid IQ 0.42 0.08 <.001  0.26 0.09 .002 

Sex 0.33 0.08 <.001  0.38 0.10 <.001 

DASS -0.12 0.10 .218  -0.15 0.12 .192 

LED 0.00 0.09 .992  0.06 0.10 .542 

        

HVLT Recall        

General 0.19 0.09 .044  0.18 0.11 .099 

Disease Duration -0.23 0.12 .046  -0.01 0.10 .941 

Age -0.10 0.10 .352  -0.40 0.10 <.001 

Premorbid IQ 0.42 0.08 <.001  0.12 0.08 .123 

Sex 0.36 0.08 <.001  0.35 0.09 <.001 

DASS -0.18 0.10 .067  -0.14 0.09 .139 

LED -0.06 0.11 .619  0.02 0.09 .810 

        

HVLT recognition        

General 0.03 0.11 .787  0.17 0.10 .090 

Disease Duration -0.09 0.12 .462  0.01 0.11 .954 

Age -0.12 0.10 .259  -0.26 0.13 .041 

Premorbid IQ 0.31 0.09 <.001  0.05 0.11 .632 

Sex 0.31 0.08 <.001  0.30 0.09 <.001 

DASS -0.18 0.14 .204  -0.36 0.10 <.001 

LED -0.05 0.10 .645  0.09 0.12 .443 

        

PRM        

General -0.06 0.10 .551  -0.30 0.15 .045 

Disease Duration -0.29 0.14 .051  0.08 0.09 .393 

Age -0.06 0.11 .582  -0.38 0.10 <.001 

Premorbid IQ 0.32 0.10 .001  0.01 0.09 .900 

Sex 0.07 0.10 .460  0.02 0.12 .851 

DASS -0.07 0.13 .589  0.03 0.12 .825 

LED 0.01 0.13 .913  0.00 0.09 .994 

 

 

       

SRM        

General 0.01 0.10 .964  -0.36 0.10 <.001 



Sleep and Cognition in Parkinson’s Disease 202 

 

 Younger Onset  Older Onset 

 β SE p  β SE p 

Disease Duration -0.21 0.12 .086  -0.20 0.12 .101 

Age -0.23 0.11 .030  -0.22 0.10 .027 

Premorbid IQ 0.19 0.13 .148  -0.07 0.10 .497 

Sex -0.08 0.11 .448  0.19 0.10 .068 

DASS 0.06 0.14 .663  0.02 0.14 .882 

LED -0.01 0.11 .942  0.24 0.11 .033 

EF 

COWA        

General 0.10 0.10 .291  0.13 0.08 .120 

Disease Duration -0.23 0.11 .035  0.06 0.09 .489 

Age -0.04 0.11 .732  -0.11 0.08 .188 

Premorbid IQ 0.37 0.08 <.001  0.54 0.08 <.001 

Sex 0.18 0.10 .066  0.36 0.09 <.001 

DASS -0.03 0.17 .860  -0.17 0.09 .063 

LED -0.08 0.12 .513  0.29 0.11 .010 

        

SWM        

General -0.11 0.08 .198  0.00 0.11 .978 

Disease Duration 0.35 0.11 .002  -0.09 0.13 .481 

Age 0.28 0.09 .002  0.37 0.11 .001 

Premorbid IQ -0.21 0.09 .020  -0.12 0.10 .235 

Sex -0.01 0.09 .903  0.07 0.12 .584 

DASS 0.11 0.12 .332  0.04 0.10 .717 

LED 

 

0.05 0.10 .637  0.08 0.11 .427 

SOC        

General  0.05 0.10 .631  -0.03 0.14 .803 

Disease Duration -0.11 0.08 .197  0.08 0.13 .555 

Age -0.30 0.12 .011  -0.32 0.13 .010 

Premorbid IQ 0.32 0.09 <.001  0.19 0.11 .086 

Sex 0.07 0.10 .499  0.08 0.11 .461 

DASS 0.04 0.09 .684  0.03 0.12 .835 

LED -0.12 0.11 .242  0.08 0.13 .522 

 

 

 

 

 

 

 

 

 

 

 



Sleep and Cognition in Parkinson’s Disease 203 

 

Table S5.3 

Standardised regression coefficients, standard errors and significance values 

for the multi-group path models of insomnia factor scores 

 Younger Onset  Older Onset 

 β SE p  β SE p 

Insomnia         

Disease Duration -0.14 0.11 .232  -0.10 0.10 .296 

Age 0.03 0.14 .817  -0.14 0.11 .201 

Sex -0.06 0.11 .593  0.26 0.09 .002 

DASS 0.11 0.10 .266  0.05 0.12 .655 

LED 0.09 0.12 .477  0.38 0.12 .001 

Memory 

HVLT Total        

Insomnia  0.12 0.09 .166  -0.02 0.10 .880 

Disease Duration -0.21 0.09 .019  -0.09 0.11 .396 

Age -0.17 0.10 .080  -0.34 0.10 <.001 

Premorbid IQ 0.42 0.09 <.001  0.26 0.09 .003 

Sex 0.34 0.08 <.001  0.40 0.10 <.001 

DASS -0.10 0.10 .304  -0.13 0.11 .205 

LED 0.02 0.08 .842  0.08 0.11 .467 

        

HVLT Recall        

Insomnia 0.13 0.09 .140  -0.07 0.09 .456 

Disease Duration -0.23 0.10 .025  -0.05 0.11 .645 

Age -0.08 0.10 .454  -0.41 0.11 <.001 

Premorbid IQ 0.42 0.08 <.001  0.09 0.09 .287 

Sex 0.36 0.09 <.001  0.40 0.10 <.001 

DASS -0.14 0.09 .118  -0.05 0.08 .530 

LED -0.03 0.10 .793  0.10 0.09 .295 

        

HVLT recognition        

Insomnia  0.18 0.08 .027  -0.07 0.09 .456 

Disease Duration -0.07 0.11 .568  -0.05 0.11 .645 

Age -0.12 0.11 .264  -0.41 0.11 <.001 

Premorbid IQ 0.32 0.08 <.001  0.09 0.09 .287 

Sex 0.32 0.08 <.001  0.40 0.10 <.001 

DASS -0.19 0.12 .135  -0.05 0.08 .530 

LED -0.06 0.09 .539  0.10 0.09 .295 

        

PRM        

Insomnia  -0.10 0.09 .299  0.01 0.11 .935 

Disease Duration -0.28 0.14 .049  -0.02 0.11 .814 

Age -0.07 0.11 .560  -0.26 0.13 .048 

Premorbid IQ 0.31 0.10 .001  0.03 0.11 .772 

Sex 0.07 0.10 .492  0.34 0.09 <.001 

DASS -0.08 0.11 .495  -0.29 0.10 .003 

LED 

 

 

 

 

0.01 0.13 .940  0.14 0.12 .245 
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SRM        

Insomnia  -0.06 0.11 .562  0.04 0.10 .705 

Disease Duration -0.22 0.12 .073  0.14 0.10 .17 

Age -0.23 0.11 .030  -0.37 0.10 <.001 

Premorbid IQ 0.19 0.13 .167  0.05 0.09 .541 

Sex -0.08 0.11 .432  -0.05 0.13 .727 

DASS 0.07 0.13 .614  -0.11 0.08 .175 

LED 0.00 0.11 .988  -0.10 0.10 .309 

EF 

COWA        

Insomnia  0.32 0.08 <.001  0.10 0.12 .374 

Disease Duration -0.19 0.10 .057  -0.12 0.13 .359 

Age -0.04 0.11 .755  -0.20 0.10 .049 

Premorbid IQ 0.40 0.07 <.001  -0.01 0.11 .937 

Sex 0.19 0.09 .037  0.09 0.11 .375 

DASS -0.03 0.16 .846  -0.15 0.13 .250 

LED -0.08 0.11 .452  0.10 0.12 .413 

        

SWM        

Insomnia  -0.04 0.09 .620  0.21 0.09 .022 

Disease Duration 0.35 0.12 .002  -0.08 0.13 .540 

Age 0.27 0.09 .003  0.40 0.11 <.001 

Premorbid IQ -0.20 0.09 .023  -0.09 0.10 .365 

Sex -0.01 0.09 .918  0.02 0.11 .869 

DASS 0.09 0.11 .430  0.03 0.10 .783 

LED 0.03 0.10 .756  0.01 0.10 .927 

        

SOC        

Insomnia  -0.02 0.09 .844  0.16 0.09 .076 

Disease Duration -0.11 0.085 .190  0.05 0.09 .557 

Age -0.29 0.116 .010  -0.08 0.09 .322 

Premorbid IQ 0.31 0.088 <.001  0.54 0.08 <.001 

Sex 0.06 0.097 .520  0.34 0.08 <.001 

DASS 0.05 0.085 .560  -0.12 0.08 .115 

LED -0.11 0.104 .280  0.27 0.12 .026 
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Table S5.4 

Standardised regression coefficients, standard errors and significance values 

for the multi-group path models of OSA and RBD symptoms factor scores 

 Younger Onset  Older Onset 

 β SE p  β SE p 

OSA and RBD        

Disease Duration 0.11 0.18 .554  -0.25 0.12 .030 

Age 0.02 0.13 .834  0.08 0.10 .470 

Sex -0.12 0.10 .245  -0.01 0.14 .921 

DASS -0.10 0.06 .103  0.25 0.18 .169 

LED -0.06 0.10 .569  0.01 0.13 .915 

Memory 

HVLT Total        

OSA and RBD -0.05 0.08 .534  0.00 0.09 .962 

Disease Duration -0.23 0.09 .010  -0.09 0.11 .405 

Age -0.17 0.10 .098  -0.34 0.10 .001 

Premorbid IQ 0.42 0.09 <.001  0.26 0.09 .003 

Sex 0.32 0.08 <.001  0.39 0.09 <.001 

DASS -0.10 0.10 .348  -0.14 0.11 .223 

LED 0.03 0.09 .780  0.07 0.09 .443 

        

HVLT Recall        

OSA and RBD -0.07 0.09 .435  -0.02 0.10 .829 

Disease Duration -0.24 0.10 .020  -0.05 0.11 .668 

Age -0.07 0.11 .498  -0.40 0.11 <.001 

Premorbid IQ 0.42 0.09 <.001  0.10 0.08 .232 

Sex 0.35 0.09 <.001  0.38 0.10 <.001 

DASS -0.13 0.09 .150  -0.05 0.09 .576 

LED 

 

-0.02 0.11 .861  0.07 0.08 .382 

HVLT recognition        

OSA and RBD -0.20 0.13 .108  -0.01 0.10 .949 

Disease Duration -0.07 0.12 .580  -0.03 0.11 .805 

Age -0.10 0.10 .305  -0.26 0.13 .049 

Premorbid IQ 0.35 0.08 <.001  0.03 0.11 .782 

Sex 0.28 0.08 .001  0.34 0.09 <.001 

DASS -0.18 0.12 .130  -0.28 0.10 .005 

LED -0.05 0.10 .587  0.14 0.11 .195 

        

PRM        

OSA and RBD -0.12 0.08 .150  -0.21 0.12 .081 

Disease Duration -0.25 0.14 .076  0.08 0.10 .417 

Age -0.06 0.11 .576  -0.36 0.10 <.001 

Premorbid IQ 0.34 0.10 .001  0.04 0.08 .614 

Sex 0.06 0.10 .526  -0.04 0.12 .730 

DASS -0.09 0.11 .393  -0.06 0.10 .571 

LED 0.00 0.13 0.959  -0.09 0.09 .327 
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SRM        

OSA and RBD -0.21 0.09 .013  -0.11 0.13 .384 

Disease Duration -0.19 0.12 .101  -0.16 0.14 .267 

Age -0.22 0.10 .028  -0.21 0.11 .053 

Premorbid IQ 0.24 0.13 .067  -0.03 0.11 .819 

Sex -0.10 0.10 .327  0.12 0.10 .258 

DASS 0.04 0.12 .715  -0.12 0.13 .387 

LED -0.02 0.11 .848  0.13 0.11 .235 

EF 

COWA        

OSA and RBD -0.05 0.07 .481  -0.05 0.06 .438 

Disease Duration -0.23 0.11 .040  0.03 0.10 .781 

Age -0.03 0.11 .823  -0.11 0.08 .210 

Premorbid IQ 0.38 0.08 <.001  0.52 0.08 <.001 

Sex 0.17 0.10 .086  0.39 0.08 <.001 
DASS -0.01 0.17 .973  -0.10 0.08 .189 
LED -0.06 0.12 .628  0.33 0.12 .004 

SWM        

OSA and RBD 0.20 0.08 .015  0.02 0.10 .869 

Disease Duration 0.34 0.11 .002  -0.09 0.14 .514 

Age 0.25 0.09 .007  0.36 0.11 .001 

Premorbid IQ -0.24 0.09 .004  -0.12 0.10 .231 

Sex 0.01 0.09 .887  0.07 0.12 .575 

DASS 0.10 0.11 .359  0.03 0.10 .728 

LED 0.04 0.10 .701  0.08 0.10 .408 

        

SOC        

OSA and RBD -0.08 0.08 .344  -0.15 0.09 .111 

Disease Duration -0.10 0.09 .245  0.04 0.13 .729 

Age -0.28 0.11 .013  -0.31 0.13 .014 

Premorbid IQ 0.33 0.09 <.001  0.19 0.11 .083 

Sex 0.06 0.10 .562  0.07 0.10 .495 

DASS 0.04 0.08 .622  0.05 0.11 .665 

LED -0.12 0.10 .240  0.075 0.11 .508 
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Table S5.5 

Standardised regression coefficients, standard errors and significance values for single-sample path models for general, insomnia and, 

 OSA and RBD PDSS-R factors 

 β SE p  β SE p  β SE p 

General     Insomnia    OSA and RBD    

Disease Duration -0.09 0.11 .418 Disease Duration -0.09 0.08 .233 Disease Duration -0.03 0.12 .833 

Age 0.08 0.08 .295 Age -0.11 0.08 .193 Age 0.08 0.08 .358 

Sex 0.06 0.08 .437 Sex 0.08 0.07 .266 Sex -0.09 0.09 .308 

DASS 0.39 0.07 <.001 DASS 0.11 0.08 .152 DASS 0.07 0.10 .477 

LED 0.28 0.08 .001 LED 0.21 0.08 .006 LED -0.01 0.08 .925 

Memory 

HVLT Total            

General 0.09 0.07 .213 Insomnia 0.07 0.06 .245 OSA and RBD -0.01 0.06 .817 

Disease Duration -0.17 0.06 .007 Disease Duration -0.17 0.06 .005 Disease Duration -0.18 0.06 .003 

Age -0.33 0.06 <.001 Age -0.31 0.06 <.001 Age -0.32 0.06 <.001 

Premorbid IQ 0.33 0.06 <.001 Premorbid IQ 0.33 0.06 <.001 Premorbid IQ 0.32 0.06 <.001 

Sex 0.33 0.06 <.001 Sex 0.33 0.06 <.001 Sex 0.34 0.06 <.001 

DASS -0.15 0.08 .047 DASS -0.13 0.07 .082 DASS -0.12 0.07 .108 

LED 0.02 0.06 .721 LED 0.03 0.06 .587 LED 0.05 0.06 .423 

            

HVLT Recall            

General 0.20 0.07 .006 Insomnia 0.06 0.06 .366 OSA and RBD -0.02 0.06 .711 

Disease Duration -0.13 0.08 .104 Disease Duration -0.14 0.07 .043 Disease Duration -0.15 0.07 .034 

Age -0.33 0.07 <.001 Age -0.31 0.07 <.001 Age -0.32 0.07 <.001 

Premorbid IQ 0.25 0.06 <.001 Premorbid IQ 0.24 0.06 <.001 Premorbid IQ 0.24 0.06 <.001 

Sex 0.33 0.06 <.001 Sex 0.34 0.06 <.001 Sex 0.34 0.06 <.001 

DASS -0.18 0.07 .015 DASS -0.11 0.06 .084 DASS -0.10 0.06 .111 

LED 0.00 0.07 .979 LED 0.04 0.07 .511 LED 0.06 0.06 .391 
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HVLT recognition            

General 0.10 0.08 .198 Insomnia 0.12 0.06 .075 OSA and RBD -0.02 0.06 .711 

Disease Duration -0.06 0.08 .455 Disease Duration -0.06 0.07 .434 Disease Duration -0.15 0.06 .034 

Age -0.23 0.08 .004 Age -0.21 0.08 .010 Age -0.32 0.07 <.001 

Sex 0.15 0.08 .046 Sex 0.16 0.08 .034 Sex 0.24 0.06 <.001 

DASS 0.29 0.06 <.001 DASS 0.29 0.06 <.001 DASS 0.34 0.06 <.001 

LED -0.26 0.09 .003 LED -0.24 0.08 .002 LED -0.10 0.06 .111 

            

PRM            

General -0.17 0.10 .100 Insomnia -0.02 0.07 .778 OSA and RBD -0.16 0.08 .032 

Disease Duration -0.17 0.10 .091 Disease Duration -0.15 0.11 .151 Disease Duration -0.16 0.10 .129 

Age -0.22 0.07 .002 Age -0.23 0.07 .001 Age -0.22 0.07 .003 

Premorbid IQ 0.17 0.07 .011 Premorbid IQ 0.18 0.07 .005 Premorbid IQ 0.20 0.07 .002 

Sex 0.03 0.08 .691 Sex 0.02 0.08 .760 Sex 0.01 0.08 .906 

DASS -0.06 0.10 .537 DASS -0.12 0.08 .108 DASS -0.11 0.08 .140 

LED 0.04 0.09 .642 LED 0.00 0.08 .974 LED -0.01 0.08 .931 

            

SRM            

General -0.15 0.08 .050 Insomnia 0.06 0.08 .469 OSA and RBD -0.15 0.08 .064 

Disease Duration -0.20 0.08 .014 Disease Duration -0.19 0.09 .038 Disease Duration -0.20 0.09 .024 

Age -0.25 0.07 <.001 Age -0.26 0.07 <.001 Age -0.25 0.07 .001 

Premorbid IQ 0.04 0.08 .602 Premorbid IQ 0.07 0.08 .423 Premorbid IQ 0.07 0.09 .393 

Sex 0.00 0.08 .953 Sex -0.02 0.08 .843 Sex -0.02 0.07 .744 

DASS 0.01 0.11 .906 DASS -0.05 0.10 .616 DASS -0.03 0.09 .720 

LED 

 

 

 

 

0.06 0.08 .487 LED 0.00 0.08 .970 LED 0.02 0.08 .854 
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EF 

COWA            

General 0.12 0.06 0.059 Insomnia 0.27 0.06 <.001 OSA and RBD -0.08 0.05 .148 

Disease Duration -0.09 0.07 0.206 Disease Duration -0.08 0.07 .261 Disease Duration -0.10 0.07 .151 

Age -0.21 0.07 0.002 Age -0.17 0.07 .011 Age -0.20 0.07 .005 

Premorbid IQ 0.42 0.06 0 Premorbid IQ 0.44 0.06 <.001 Premorbid IQ 0.41 0.06 <.001 

Sex 0.26 0.07 0 Sex 0.25 0.06 <.001 Sex 0.26 0.07 <.001 

DASS -0.05 0.10 0.652 DASS -0.03 0.09 .766 DASS 0.01 0.09 .952 

LED 0.07 0.08 0.337 LED 0.05 0.07 .513 LED 0.10 0.08 .170 

            

SWM            

General -0.04 0.08 0.567 Insomnia 0.07 0.06 .297 OSA and RBD 0.12 0.06 .047 

Disease Duration 0.24 0.08 0.003 Disease Duration 0.25 0.08 .002 Disease Duration 0.25 0.08 .001 

Age 0.40 0.07 0 Age 0.40 0.07 <.001 Age 0.39 0.07 <.001 

Premorbid IQ -0.16 0.08 0.014 Premorbid IQ -0.15 0.07 .026 Premorbid IQ -0.17 0.07 .011 

Sex 0.02 0.07 0.758 Sex 0.02 0.07 .818 Sex 0.03 0.07 .679 

DASS 0.09 0.08 0.286 DASS 0.06 0.07 .371 DASS 0.06 0.07 .365 

LED 0.05 0.07 0.503 LED 0.02 0.07 .754 LED 0.04 0.07 .600 

            

SOC            

General 0.01 0.08 0.882 Insomnia -0.04 0.078 .648 OSA and RBD -0.11 0.06 .071 

Disease Duration -0.05 0.06 0.383 Disease Duration -0.05 0.059 .358 Disease Duration -0.06 0.06 .354 

Age -0.41 0.07 0 Age -0.41 0.067 <.001 Age -0.40 0.07 <.001 

Premorbid IQ 0.23 0.07 0.002 Premorbid IQ 0.22 0.074 .003 Premorbid IQ 0.24 0.08 .002 

Sex 0.06 0.07 0.427 Sex 0.06 0.069 .403 Sex 0.05 0.07 .497 

DASS 0.03 0.06 0.591 DASS 0.04 0.059 .481 DASS 0.05 0.06 .407 

LED -0.04 0.08 0.652 LED -0.03 0.078 .747 LED -0.03 0.07 .652 
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Appendix D 

Table S6.6  

Regression coefficients for post hoc analyses of REM and N2 models 

Model  B SE P LLCI ULCI 

N2  

(controlling for 

REM) 

      

Verbal Fluency 

(COWA) 

Constant -16.49 4.72 .001 -26.08 -6.9 

 Group 6.43 1.85 .001 2.68 10.19 

 N2 0.17 0.05 .002 0.07 0.28 

 Interaction -0.12 0.03 <.001 -0.18 -0.06 

 AUSNART 0.06 0.02 .002 0.03 0.10 

 Sex 0.35 0.33 .292 -0.32 1.02 

 REM -0.01 0.03 .588 -0.07 0.04 

 Conditional Effect of TST x 

Group 

     

 Control 0.06 0.03 .050 0.00 0.11 

 PD -0.06 0.02 .013 -0.11 -0.01 

       

REM 

(controlling for 

N2) 

      

Verbal Fluency 

(COWA) 

Constant -0.18 3.21 .957 -6.70 6.35 

 Group -3.20 0.83 <.001 -4.88 -1.52 

 REM -0.22 0.07 .002 -0.35 -0.08 

 Interaction 0.12 0.04 .003 0.05 0.20 

 AUSNART 0.06 0.02 .006 0.02 0.10 

 Sex 0.17 0.34 .616 -0.52 0.86 

 N2 -0.01 0.02 .510 -0.06 0.03 

 Conditional Effect of WASO 

x Group 

     

 Control -0.09 -0.03 .010 -0.16 -0.02 

 PD 0.03 0.03 .315 -0.03 0.10 
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Table S6.7 

Descriptive Statistics and between-group comparisons of comorbidities and 

medications for PD and Healthy Controls 

 PD (N = 20) Control (N = 20) χ2 p 

Comorbidities 

Depression 5 1 3.14 .076 

Anxiety 1 1 0 1 

Respiratory Conditions 1  2 0.36 .548 

Cancer History 2 2  0 1 

Diabetes 1 2 0.36 .548 

Heart Disease 1 1 0 1 

Medications     

Oral hypoglycaemics 1 2 0.36 .548 

SNRIs 2 0 2.11 .147 

SSRIs 4 1 2.06 .151 

Benzodiazapines 2 0 2.11 .147 

Statins 3 8 3.14 .077 

Antihypertensives 3 5 0.63 .429 

Proton Pump Inhibitors 2 2 0 1 

Note: SNRI = Serotonin/ Noradrenaline Reuptake Inhibitor; SSRI = Selective

 Serotonin Reuptake Inhibitor 
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Appendix E 

Table S7.1 

Comparison of ParkC cohort characteristics with studies included in meta-analysis 

reported in Chapter 2 

 N Sex  

(%M) 

Age  

 

Disease  

Duration (yrs) 

Levodopa 

Equivalent 

Dose 

ParkC 166 66.3% 66.13  

± 9.29 

5.44  

± 4.97 

594  

± 450.6 

Bugalho et al. (2011) 75 43% 72.56  

± 7.20 

2.76  

± 1.37 

408.2  

± 436.4 

Cochen de Cock et al. (2010) 100 70% 62.4  

± 9.15 

7.5  

± 4.55 

700  

± 400.5 

Gagnon et al. (2009) 48  65.89  

± 8.64 

5.27  

± 3.34 

373.1  

± 344.0 

Goldman et al. (2013) 93 74% 73.62  

± 6.33 

10.73  

± 4.12 

790.8 

± 369.7 

Lavault et al. (2010) 61 64% 64.33 6.89 612.5  

± 378 

Marion et al. (2008) 65 63% 67.54  

± 6.66 

7.04  

± 5.95 

Not provided 

Meral et al. (2007) 79 63% 66.15  

± 8.65 

6.36  

± 3.55 

381.1 

- 

Naismith et al. (2011) 101 51% 65.3  

± 8.4 

5.9  

± 5.2 

708.6  

± 551.5 

Nardone et al. (2013) 23 74% 64.7  

± 6.4 

5.57  

± 2.58 

602.5 

Plomhause et al. (2013) 57 61% 61.5 

 ± 10.8 

13.81  

± 9.61 

NA 

Sinforiani et al. (2006) 110 59% 66.6  

± 8.2 

10.04  

± 4.74 

689.0  

± 237.9 

Sixel-Doring et al. (2011) 457 63% 67.4 

 ± 10.4 

14.70  

± 5.05 

686.5 

Sixel-Doring et al. (2014) 159 64% 65  

± 10 

<2yrs NA 

Stavitsky (2012) 35 63% 66.2  

± 7.9 

8.8 ± 

5.1 

604.3 ±  

283.5 

Verbaan et al. (2010) 269 67% 61.5  

± 9.8 

13.3 ± 

6.0 

778.4 ±  

487.8 

Yoritaka et al. (2009) 150 47% 68.5  

± 9.8 

6.4 ± 

4.6 

743 ± 

447.1 

 




