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Abstract 

Sleep, ageing, and Alzheimer’s disease: from neural mechanisms to exercise 
interventions. 

Dr. Arsenio Páez, PhD, 

Concordia University, 2024 

This manuscript-based thesis explores the relationships between sleep and sleep physiology 

during non-rapid eye-movement  (NREM) sleep stages 2 and 3, brain-health, and cognition in 

older adults and persons with Alzheimer’s Disease (AD). It provides new insights into the 

associations between sleep, biomarkers of neurodegeneration, and cognition in older adults. 

It also provides new evidence demonstrating that spindle and slow oscillation activity during 

NREM sleep  constitute predictive and non-invasive biomarkers of neurodegeneration, 

cognition, and mental health in persons with AD.  Sleep microarchitecture can, therefore, 

also provide novel therapeutic targets for preserving brain-heath and slowing AD 

progression. These findings extend previous evidence showing that sleep may be one of the 

most important modifiable risk factors for functional and cognitive decline and dementia in 

older adults. The thesis then explores how exercise, a promising and widely accessible 

intervention targeting sleep physiology, can be an effective intervention for poor sleep in 

healthy older adults and persons with Mild Cognitive Impairment  and AD. The implications of 

this thesis’ findings for clinical care of persons with AD, preserving brain-health and cognition 

in older adults, and sleep research are discussed. Our findings can serve as a springboard for 

future research on sleep-based strategies to preserve brain health in older adults and delay 

the progression of AD symptoms, with considerable potential benefits for persons with AD, 

their caregivers, and communities.  



 
  

 iv 
 

Acknowledgements  

 

Ralph Waldo Emmerson said:  

 
“Cultivate the habit of being grateful for every good thing that comes to you, and to 

give thanks continuously. And because all things have contributed to your 

advancement, you should include all things in your gratitude.” 

 
There are countless people who could be thanked for their contributions, large or small, 

toward the completion of this PhD. To all, I offer my thanks and friendship. 

 

Among these, I am particularly grateful to my PhD supervisor and mentor, Prof. Thien Thanh 

Dang-Vu. I have many reasons to be grateful to Prof. Dang-Vu, but chief among them are his 

mentorship, kindness, and generosity. Prof. Dang-Vu has been, and continues to be, an 

inspirational figure, mentor, valued colleague, and valued friend. I will always be grateful for 

his trust and ability to see potential in all. These past four years have been an exciting journey 

and collaboration that continues to develop and expand to new horizons. My heartfelt thanks 

to you, Prof. Dang-Vu.  

 

I am also grateful to my close friend and colleague in Spain, Dr. Gerard Piñol-Ripoll, whose 

guidance and support was also invaluable in key aspects of this thesis. Dr. Piñol-Ripoll’s 

warmth, generosity, and passion for improving the lives of others is a great inspiration. I am 

grateful not just for his mentorship, but also his friendship, now and in the years to come. 

 

I extend my sincere thanks and great admiration for my committee members, Dr. Angela 

Alberga and Prof. Louis Bherer. I have gained immensely from your guidance and experience 

and have thoroughly enjoyed every conversation we have had in the course of this thesis. 



 
  

 v 
 

You made valuable contributions to my thesis but also made a friend and colleague, and I 

look forward to working together and having many more conversations in the years to come. 

 

I am also grateful and greatly blessed by the many friendships and wonderful colleagues I 

have made at the Sleep, Cognition, and Neuroimaging Laboratory at Concordia University. 

Thomas Jefferson said it best when he said that “friendship is precious, not only in the shade, 

but in the sunshine of life, but thanks to a benevolent arrangement the greater part of life is 

sunshine.” Thank you for adding more sunshine to an already sunny life.  Thank you also, to 

Dr. Maryse Fortin, and the faculty and staff at Concordia Universitys Department of Health, 

Kinesiology, and Applied Physiology for the welcoming home you create for all students. It 

has been a joy to be a part of the HKAP family, and to continue to be so.  

 

Finally, and with immeasurable love and affection, I thank and acknowledge my husband 

Steven Steele Cawman for his constant support and encouragement throughout my PhD(s). I 

not only promise this third one was my final doctorate, but I have now officially put that on 

paper. You are, as W.H. Auden said:  

 
“… my North, my South, my East and West,  

My working week and my Sunday rest,  

My noon, my midnight, my talk, my song”  

 
For the innumerable ways in which you make all in this life warmer, happier, and better, I 

extend unending gratitude and affection. There is no greater sunshine than love, which hopes 

all things. 

 

“Energy and persistence conquer all things.”  Benjamin Franklin 



 
  

 vi 
 

Acknowledgement to Funding Agencies 

 

The research in this thesis was supported by a grant from the Fonds de recherche du Québec 

– Nature et technologies (FRQNT),  (award Number 334959), awarded to Dr. Arsenio Páez for 

the proposal: 

 

“Sommeil et cognition chez les personnes âgées : découverte des liens entre la 

microarchitecture du sommeil, la maladie d'Alzheimer et l'efficacité de l'exercice pour traiter 

les problèmes de sommeil chez les personnes âgées.” 

 

 

  



 
  

 vii 
 

Contribution of Authors 

All of the studies contained in this thesis were developed by the student, Dr. Arsenio Páez, 

who conceptualised the initial project and overall research program with the guidance of 

Prof. Thien Thanh Dang-Vu (supervisor, Concordia University). For each study and manuscript 

included in this thesis, Dr. Páez developed the research questions, study designs, and 

analytical methods, conducted the reviews of evidence, collected data (as appropriate), 

cleaned, processed, and curated data, extracted and analysed brain oscillation data using 

specialized programming scripts (chapters II and III), conducted all statistical analyses in the 

thesis, interpreted and synthesized results, prepared all figures and tables, wrote, revised, 

and submitted each manuscript (chapters II-IV) for publication, wrote and revised the thesis 

introduction and discussion chapter, and prepared the thesis for submission. These were 

completed under the scientific and academic supervision of Prof. Dang-Vu. 

 

The brain oscillation analyses used in chapters II and II were undertaken using Python-based 

coding software and an in-house analysis program developed and refined at the Sleep, 

Cognition, and Neuroimaging Laboratory at Concordia University by Jordan O’Byrne, Dr. 

Nathan Cross, and Dr. Aurore Perrault.  

 

The manuscripts in chapters II-IV were written by Dr. Páez and revised by Prof. Dang-Vu. The 

manuscripts in chapters II and III were also guided and revised by Dr. Gerard Piñol-Ripoll, of 

Unitat de Trastorns Cognitius, Cognition and Behavior Study Group, Hospital Universitari 

Santa Maria Universitat de Lleida, IRBLleida, Lleida, Spain the   All listed co-authors in the  

manuscripts in chapters II-IV contributed to the interpretation of study findings and provided 

input on the final manuscripts.  



 
  

 viii 
 

TABLE OF CONTENTS 

 

LIST OF FIGURES XI 

LIST OF TABLES XIII 

CHAPTER I: INTRODUCTION: SLEEP, AGEING, BRAIN HEALTH, AND ALZHEIMER’S DISEASE 1 

CHAPTER OVERVIEW 1 
SLEEP ARCHITECTURE 2 
SLEEP AND AGEING 5 
SLEEP AND ALZHEIMER’S DISEASE 7 
TREATMENTS FOR AD, COGNITION, AND MODIFIABLE RISK FACTORS 16 
CRITICAL REVIEW: EVIDENCE FOR EXERCISE AND SLEEP 20 
LIMITATIONS IN THE BODY OF EVIDENCE FOR EXERCISE AND SLEEP 25 
EVIDENCE GAPS, OPPORTUNITIES, AND RESEARCH QUESTIONS EXPLORED IN THIS THESIS 27 
GENERAL METHODS OVERVIEW 31 

CHAPTER II:  SLEEP SPINDLES AND SLOW OSCILLATIONS PREDICT COGNITION AND BIOMARKERS 
OF NEURODEGENERATION IN MILD TO MODERATE ALZHEIMER’S DISEASE. 34 

CHAPTER SUMMARY 34 
ABSTRACT 35 
1. BACKGROUND 36 
1.1 EVIDENCE GAPS AND OPPORTUNITIES 37 
2. METHODS 38 

2.1 Study Design 38 
2.2 Data collection 39 
2.3 Data analyses 41 

3. RESULTS 47 
NREM: Non-rapid eye movement sleep. REM: Rapid eye movement sleep. ptp: peak to peak 49 
3.1 Biomarkers and cognition 50 
3.2 Sleep and cognition 51 

 55 
3.3 Sleep and biomarkers 55 
3.4 Mediation and moderating variables 56 

4. DISCUSSION 59 
4.1 Implications and future research 63 
4.2 Strengths and limitations 64 

CHAPTER III: SLEEP MICROARCHITECTURE PREDICTS NEUROFILAMENT-LIGHT, 
NEUROINFLAMMATORY BIOMARKERS, AND COGNITION IN ALZHEIMER’S DISEASE 66 

CHAPTER SUMMARY: 66 
ABSTRACT 67 
INTRODUCTION 69 

Evidence gaps and opportunities 71 
METHODS 72 

Study Design 72 
Data collection 73 



 
  

 ix 
 

Data analyses 74 
RESULTS 78 

Sleep 79 
Sleep and biomarkers 79 
Biomarkers, cognition, and neuropsychiatric symptoms 80 
Secondary analyses 81 

DISCUSSION 82 
Implications and future research 85 
Strengths and limitations 86 
Conclusion 88 
NREM: Non-rapid eye movement sleep. REM: Rapid eye movement sleep. ptp: peak to peak 91 

CHAPTER IV: EXERCISE INTERVENTIONS BENEFIT SLEEP IN OLDER ADULTS: A SYSTEMATIC REVIEW 
AND META-ANALYSIS. 96 

CHAPTER SUMMARY: 96 
ABSTRACT 97 
1. BACKGROUND 99 

1.2 Purpose and objectives of this systematic review 101 
2. METHODS 102 

2.1 Search Strategy and selection criteria 102 
2.3 Data Extraction 103 
2.5 Meta- analysis 104 
2.5.2 Other analyses 105 

3. RESULTS 105 
3.2 Interventions 108 
3.3 Outcomes 109 
3.4 Meta-analyses 110 
3.4.2 Moderators of the effects of exercise on sleep- PSQI: 112 
3.4.3 Other subjective sleep outcomes 114 
3.5 Objective sleep measures: 114 

4. DISCUSSION 118 
4.3 Strengths and Limitations 125 
4.6 Recommendations for future research 126 
5. Conclusion 127 

CHAPTER V: THE EFFECTIVENESS OF EXERCISE INTERVENTIONS TARGETING SLEEP IN OLDER 
ADULTS WITH COGNITIVE IMPAIRMENT OR ALZHEIMER’S DISEASE AND RELATED DEMENTIAS 
(AD/ADRD): A SYSTEMATIC REVIEW AND META-ANALYSIS. 130 

CHAPTER SUMMARY: 130 
ABSTRACT 131 
INTRODUCTION 132 
METHODS 135 

Eligibility criteria 135 
Information sources and search strategy 137 
Data extraction and data items 138 
Data synthesis 139 
Meta- analysis 140 

RESULTS 142 
Sample characteristics 144 



 
  

 x 
 

Interventions (table 1) 144 
Sleep Outcomes 144 
Meta-analyses 154 
Objectively measured sleep 155 

DISCUSSION 157 
Strengths and Limitations 162 
Implications for practice or policy 164 
Conclusion 166 

CHAPTER VI: DISCUSSION AND CONCLUSIONS 168 

CHAPTER SUMMARY 168 
AIMS ACHIEVED AND THEIR IMPLICATIONS: AIMS I-III 169 
AIMS ACHIEVED AND THEIR IMPLICATIONS: AIM IV 171 
STRENGTHS AND LIMITATIONS 174 
OPPORTUNITIES FOR FUTURE RESEARCH ARISING FROM THIS THESIS 176 
CONCLUSIONS 180 

BIBLIOGRAPHY 182 

APPENDICES 250 

APPENDIX I: SUPPLEMENTARY MATERIALS FOR CHAPTER II 250 
APPENDIX II: SUPPLEMENTARY MATERIAL FOR CHAPTER III 262 
APPENDIX III: SUPPLEMENTARY MATERIAL FOR CHAPTER IV 272 
APPENDIX  IV: SUPPLEMENTARY MATERIALS FOR CHAPTER V 304 

 

  



 
  

 xi 
 

List of figures 

Chapter I                    Page 

Figure: Chapter flow visual         1 

Figure 1: Thesis flow diagram         32 

 

Chapter II (manuscript) 

Figure: Chapter flow visual         34 

Figure 1: Study flow from baseline to 36 months      40 

Figure 2: Spindle density predicts cognitive performance on the     

     ADAS-cog and MMSE        55 

Figure 3: Spindle and SO mediation and moderation effects     57 

 

Chapter III (manuscript) 

Figure: Chapter flow visual         66 

Figure 1: Study flow, “Role of Hypoxia And Sleep Fragmentation    89 

      in Alzheimer’s Disease. 

Figure 2: Spindle activity predicts CSF NfL, NfL/AB42 and YKL-40/AB42,    

    while SO activity predicts plasma NfL and CSF NG-36.     95 

 

Chapter IV (manuscript) 

Figure: Chapter flow visual         96 

Figure 1: PRISMA flow chart, search results and included papers    106 

Figure 2: Risk of bias assessments in in a. randomised controlled trials,  

    b. non-randomised controlled trials      107 

Figure 3: Forest plot, exercise versus non exercise and PSQI assessed sleep   111 

Figure 4: Forrest plot: PSQI scores by exercise intensity     113 

 

Chapter V (manuscript) 

Chapter flow visual          130 

Figure 1: PRISMA flow chart         142 

Figure 2: Risk of bias assessments: a. ROB-2  b. ROBINS-I     143 



 
  

 xii 
 

Figure 3: Forest plot, PSQI in adults with MCI       155 

Figure 4: Forest plot, objective sleep measures      155 

 

Chapter VI:  

Chapter flow visual          168 

 

Appendices 

Supplementary figures in appendix I        250 

Supplementary figures in appendix II        270 

Supplementary figures in appendix III        272 

Supplementary figures in appendix IV        304

     

  



 
  

 xiii 
 

List of tables  

Chapter !                   Page 

Table 1:  Exercise intensity categories according to ACSM guidelines   20 

 
Chapter II (manuscript) 

Table 1: Participants’ characteristics at baseline      48 

Table 2: Sleep architecture at baseline       49 

Table 3: Change in cognition from baseline to 12, 24, 36 months    50 

Table 4: AD biomarkers and cognitive performance at baseline, 12, 24 and 36 months 51 

Table 5: GLM regression results        54 

 
Chapter III (manuscript) 

Table 1: Participants’ characteristics at baseline      90 

Table 2: Sleep architecture at baseline by sex      91 

Table 3: Sleep spindles and biomarkers       92 

Table 4: Slow oscillations and biomarkers       93 

Table 5: biomarkers and cognition        94 

 
Chapter IV (manuscript) 

Table 1: Meta-analysis of pooled, PSG, Actigraphy, sleep diary sleep measures  115  

Table 2: Subgroup analysis- objectively measured sleep outcomes by exercise intensity 116 

Table 3: 95% prediction intervals (PI)        117 

 
Chapter V (manuscript) 

Table 1: Exercise interventions for sleep in persons with MCI      150 

Table 2: Exercise interventions for sleep in persons with dementia, AD/ADRD  152 

 
Appendices 

Supplementary tables in appendix I        252 

Supplementary tables in appendix II        263 

Supplementary tables in  appendix III        274 



 1 

Chapter I: Introduction: Sleep, ageing, brain health, and Alzheimer’s Disease 

Chapter overview 

This chapter describes the background and context for this thesis. It gives an overview of the 

relationships between sleep, cognition, Alzheimer’s Disease and brain health, and treatments 

for poor sleep in older adults. It explores the associations between sleep and sleep difficulties 

and neurodegenerative diseases of ageing, with a specific focus on AD/ADRD. It discusses 

knowledge gaps, and opportunities that will be investigated in the thesis. The sections on 

exercise, sleep, and cognition in this chapter were published in an adapted form as “State of 

the Science: Exercise interventions targeting sleep in older and younger adults,” a chapter in 

“The Cambridge University Handbook of Sleep Models and Theories.” Cambridge University 

Press, UK, 2024 (in press).    

 

 

Figure 1: Thesis flow diagram 
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Sleep is essential for health and well-being. In fact, there is a bidirectional relationship 

between sleep and health. Sleep disturbances can raise the risk for and  increase the severity 

of a number of physical and mental health disorders, ranging from diabetes1 and depression2  

to cardiovascular disease3 and dementia4.  Many of these disorders also result in poor 

sleep.  For example, poor sleep is associated with up to 50% greater risk of myocardial 

infarct, while up to a third of persons with heart disease develop insomnia5.  Similarly, poor 

sleep raises the risk of Alzheimer’s Disease and Related Dementias (AD/ADRD), Parkinson’s 

disease, and a range of neurodegenerative disorders of ageing. while up to two thirds of 

person with Alzheimer’s Disease and 75% of persons with Parkinson’s Disease report poor 

sleep6–13.  

 

Sleep also plays vital roles in maintaining brain health and is critical for cognition, learning 

and memory7,14–18 It is important for synaptic homeostasis, neuroplasticity and neural 

repair6,19–24. Sleep facilitates neuroplasticity and increases during periods of greater synaptic 

reorganization, such as during early development19,20 and recovery from neural injury2122. 

The brain’s metabolic functions also depend on sleep, which plays vital roles in regulating the 

clearance of proteins such as β-amyloid (Aβ) and tau that are linked to neurodegeneration 

and neurodegenerative disorders such as AD/ADRD6,23,24.  

 

Sleep architecture 

Sleep is made up of two separate and distinctly different states: NREM sleep and rapid eye 

movement (REM) sleep. The NREM sleep state consists of light sleep stages (N1, N2) and 

deep sleep (N3), also referred to as slow wave sleep (SWS). Slow wave sleep is critical for 
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cognitive performance7, including the consolidation of declarative memories16 and the recall 

of facts or recognition of items25,26. Early nocturnal sleep periods, which have five times more 

SWS and less REM than later sleep periods, enhance performance on declarative memory 

tasks compared to the same length of time spend asleep during the later nocturnal period27. 

Slow wave sleep has been also linked to a number of processes vital for brain and body 

health. These include immune and autonomic nervous system functions, cardio-vascular and 

mental health,  cellular metabolism,  hormone regulation,  and clearance of metabolic waste 

products16,28–30.  Loss of normal slow wave physiology has also been linked to cognitive 

impairment and pathophysiological changes in the brain that can precede the first cognitive 

symptoms of AD/ADRD by 15-20 years6,9,31–35. 

 

During NREM sleep, brain activity is shaped by specific brainwaves that are produced by 

thalamocortical activity and are detectable with electroencephalography (EEG)36.  These 

include sleep spindles and slow oscillations. Sleep spindles are 9–16 Hz waxing-and-waning 

oscillations generated within the thalamo-cortical network37. They have been consistently 

associated with sleep-dependent memory consolidation, cognition, and sleep continuity37.  

Sleep-dependent learning refers to a durable improvement of performance on a given task 

that occurs slowly and in the absence of continued practice and only following sleep38.  

 

Sleep spindles are particularly involved in the transfer of information from short-term 

memory in the hippocampus to long-term memory in the neocortex that is critical for both 

declarative and procedural memory39–41. Increased sleep spindle activity during NREM sleep 

has been reported following learning of a variety of memory tasks42,43, including declarative 

memory44.  Spindle activity during sleep also has enduring effects on learning and memory, 
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strengthening hippocampal-cortical networks and integration across memory 

representations45. Sleep spindle density during overnight sleep is also linked to enhanced 

hippocampal–cortical functional connectivity the next day, when information learned before 

sleep is recalled or restudied45.   

 

Large-amplitude, low-frequency slow-waves (> 75 microV, 0.5-4Hz)36 and slow oscillations 

(SO)( <1 Hz) largely arise from the prefrontal neocortex and also underlie memory 

consolidation during sleep46. A tight temporal correlation has been reported between 

hippocampal and neocortical neuronal discharges during slow-waves47.  Increasing slow-wave 

activity with various stimulation paradigms enhances the retention of hippocampus-

dependant declarative memories48,49.  Weiner et al, 2023 showed that the synchronisation 

(cross-frequency coupling) of slow-waves and sleep spindles during NREM plays an important 

role in sleep-related memory consolidation in older adults50.  Both SO and sleep spindles may 

also play other important roles in brain health and the clearance of waste material that 

accumulates in the brain during waking activity and is associated with 

neurodegeneration17,18,51,52. This is explored extensively in the studies in chapters two and 

three of this thesis. 

 

Brain oscillations during NREM sleep also contribute to sleep quality and brain health by 

protecting the sleeping brain from external interference17,18. Sleep spindles play an important  

role in preserving sleep stability by filtering external information at the thalamic level during 

sleep, protecting the brain from disruption by sounds and other types of environmental 

stimulation during sleep18. For example, Dang Vu et al. (2010) investigated the relationship 

between spindle density and the probability of maintaining sleep continuity against sounds of 
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increasing intensities. At any sound intensity level, persons with higher spindle density were 

more likely to preserve the continuity of their sleep than those with lower spindle density18.  

 

Sleep and ageing 

Sleep quality, quantity, and architecture change throughout the lifespan, however53,54.  Sleep 

duration decreases by an average of 27 minutes per decade after mid-life55. Sleep also 

becomes lighter and more fragmented53,56. Sleep latency (the length of time it takes to fall 

asleep), and waking after sleep onset (WASO) increase,57–59 while sleep efficiency (the 

percentage of time we spend asleep while in bed), decreases60.  Age-related changes in the 

brain and shifts in circadian rhythms also influence the earlier evening sleepiness and early 

morning waking frequently reported by older adults58,60 61.  Sedentariness, comorbidities, and 

polypharmacy can increase with age and are also associated with poor sleep, further 

reducing sleep quality in later life62–64. 

 

Sleep architecture and microarchitecture also change with increasing age.  Older adults 

spend more time in light sleep (NREM1 and NREM2), while and SWS (NREM3) and rapid eye-

movement sleep (REM), vital for many body and cognitive processes, decrease56,57.   Slow 

wave activity (spectral power between 0.5 and 4 Hz) during NREM sleep begins to decrease 

as early as middle age59,65.  Sleep spindle activity, including their duration, frequency and 

density (the number of spindles during a 30 second sleep epoch) slow wave and SO 

amplitude and density decrease7,39,66. Slow wave-spindle cross-frequency coupling and 

functional connectivity between brain regions and networks also decrease with normal 
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ageing and are associated with the cognitive decline and impaired memory experienced by 

older adults7,34,39,67,68.  

 

These age-related changes in sleep physiology increase older adults’ vulnerability to sleep 

disturbances such as insomnia. Sleep disorders such as insomnia become increasingly 

common in later life53,56. Over half of people over 60 years old have difficulty sleeping or 

experience insomnia symptoms (difficulty falling or staying asleep and resulting daytime 

impairment)69–72.   Middle-aged and older adults with insomnia disorder have higher risk of 

poorer health outcomes and cognitive decline than older adults without sleep complaints, 

even after adjusting for comorbidities such as obesity, hypertension, and diabetes71–74.  

Insomnia also raises their risk of decreased quality of life, impaired attention and decision 

making, cognitive decline, and dementia70–72,75. Poor sleep is highly linked to increased risk 

Alzheimer’s Disease (AD) and its progression, with important consequences for population 

health6,76–78. 

 

Alzheimer’s Disease and Related Dementias  

Alzheimer’s disease is the most common cause of dementia79. It is associated with 

progressive loss of memory and cognitive impairment, decreased functional capacity, 

institutionalization, and increased risk of mortality among older adults77,79. Alzheimer’s 

disease is also the fifth leading cause of death among persons 65 years and older and the 

seventh-leading cause of death in the United States80,81.  Over 51 million people currently live 

with Alzheimer’s disease and Related Dementias (AD/ADRD) worldwide80,81.  This number is 

expected to triple to more than 132 million by 2050, with the greatest increase expected in 
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low and middle-income countries, presenting profound challenges for families, communities, 

and societies in resource-constrained settings82,83.   

 

Advancing age is the strongest risk factor for AD77,84. However, an interplay of genetic  

susceptibility, environmental, and lifestyle factors also contribute to the risk of AD77,85,86. 

Genetic risk factors include familial history of AD (two or more family members, alleles of the 

apolipoprotein E [APOE] gene87,88, or other genes associated with susceptibility to AD89,90.  

Environmental exposures such air pollution and toxic and heavy metals have been linked to 

increased risk of AD91,92. Other factors such as education, social connectedness, and leisure 

activity are also associated with the risk of AD4,93,94.  

 

Lifestyle factors play an important role in the risk of AD4,86,93. Cardiovascular risk factors, 

including such as hypertension, hypercholesterolaemia, diabetes, and obesity, or a 

combination of them, increases the risk of AD in middle-aged and older adults77,95. High fat 

and high glycaemic diets increase the risk of obesity, type II diabetes, and cardiovascular 

disease, each of which are associated with increased risk of AD86.  Other modifiable lifestyle 

factors such as smoking, physical activity, diet, and sleep are also associated with AD 

risk6,94,96. Regular physical activity, particularly aerobic exercise, has been shown to reduce 

the risk of AD94,97,98.  

 

Sleep and Alzheimer’s Disease  

There is a bidirectional relationship between sleep and AD9,10.  Sleep disturbances increase 

the risk of cognitive decline and AD6,7,99. They can also predict or accelerate the progression 
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of cognitive decline and functional impairment in persons with AD6,7,99. Conversely, 

Alzheimer’s pathology can also drive neuronal degeneration in areas crucial for sleep 

regulation and spindle activity, such as cholinergic neurons in the basal forebrain or 

noradrenergic neurons in the locus coeruleus100.  Up to 66% of persons with AD report or 

experience poor sleep6,7,99,101.   

 

Poor sleep may have a causal role in the pathophysiology of AD 6,9,102.  Sleep disorders,  

including insomnia, restless leg syndrome, and sleep apnoea often appear in the preclinical 

stage of AD and induce systemic and central nervous system inflammation and 

neurophysiological changes in the brain that may drive the onset and progression of AD6,8,103.  

Sleep plays vital roles in regulating the clearance of proteins such as β-amyloid (Aβ) and tau 

linked to  the development and progression of AD6,24,104. The cognitive and behavioural 

symptoms of AD correlate with the accumulation of β-amyloid (Aβ) and tau105.  

 

Alzheimer Disease pathophysiology and AD biomarkers 

Beta-amyloids are peptides of the 36-42 amino acid sequence and the main component of 

amyloid plaques that accumulate in the brain in persons with AD105,106. The amyloid cascade 

hypothesis proposes that Aβ is the main cause of the disease, triggering tau pathology and 

neuronal death that leads to the symptoms of AD 105.  Tau is a neuronal microtubule-

associated protein mainly found in neuronal axons that plays a leading role in the formation 

of the neurofibrillary tangles(NFT) that are hallmarks of AD9,107,108. Tau hyperphosphorylation 

causes microtubule destabilisation and neurofibrillary tangles, driving downstream 

neurodegenerative damage and resulting in microglial activation, synaptic loss, and neuronal 

death.9,13  Recent findings have called the amyloid cascade hypothesis into question, 
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suggesting that Aβ and tau may act in parallel in AD,  and that tau, rather than Aβ, may be the 

main determinant of brain atrophy, cognitive changes and clinical decline in AD109.  

Nevertheless, both β-amyloid (Aβ) and tau play central roles as biomarkers of the 

development and progression of AD. 

 

However, AD may be a disease of multiple aetiologies as well as overlapping risk factors110. 

Sleep is also linked with other biomarkers of neuroinflammation and neurodegeneration 

associated with AD, such as neurofilament-light chain (NfL), Chitinase-3-like protein-1 (YKL-

40), and neurogranin 36 (Ng36). These fluid biomarkers have emerged as promising 

diagnostic markers of neuroaxonal damage, disease progression, and cognitive decline in 

AD111,112 Identifying and quantifying neuroaxonal damage is a critical for supporting AD 

diagnosis, disease-staging, and prognosis. 

 

Neurofilament-light chain is a subunit of the neurofilament that plays an important role in 

axonal and dendritic branching and growth and axonal integrity113–116. Neurofilaments 

provide structural stability for neurons and are essential for impulse conduction along 

neuronal axons112,115,116.  Neurofilament-light is strongly expressed in myelinated axons and 

secreted in the CSF. It is also a biomarker of subcortical, large-calibre axonal degeneration113–

116. Neurofilament-light has become one of the most promising CSF markers of neuroaxonal 

degeneration and disease progression in AD117,118. . An important feature of NfL is that it can 

allow detection of AD-related pathophysiological changes in living persons.119 Increased 

plasma NfL levels are prognostic for AD/ADRD, and CSF NFL levels predict white matter 

changes, brain atrophy, and cognitive decline in persons with AD116,117,120. The ratio of  

NfL/Aβ42 also predicts cortical amyloid load and cognition in persons with AD.117 
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Both CSF and plasma neurofilament-light chain (NfL) are also indicators of AD severity and 

cognitive decline that may be influenced by sleep117,120–125.Elevated serum NfL levels have 

been reported in persons with chronic insomnia disorder.126 Decreased sleep-depth(more 

time spend in NREM1, less in NREM3) is also associated with increased CSF NfL levels in 

persons with mild to moderate AD.120     

 

Other biomarkers, including CSF YKL-40 and Ng36 have been linked with both sleep brain-

health in older adults and persons with AD127.  Chitinase-3-like protein 1 expression is 

abundant in astrocytes in neuroinflammatory conditions and has been associated with early 

pathophysiological changes and neuroinflammatory response to amyloid deposition in early 

AD128–130. Increased CSF YKL-40 levels have also been linked with circadian rhythm 

disfunction, neuroinflammation, and AD progression127,130. Concentrations of YKL-40 are 

higher in AD patients than in cognitively normal individuals and correlated with dementia 

biomarkers, such as tau proteins and Aβ, supporting its potential role as a complementary 

biomarker in the diagnosis and prognosis of AD 130130. Neurogranin-36 (Ng36) is a post-

synaptic protein that is enriched in the cortex and hippocampus and is a putative marker of 

synaptic integrity, synaptic loss, brain atrophy and cognitive decline in AD127,131–133.  Elevated 

Ng36 is associated with cognitive decline in persons with AD127.  

 

Sleep microarchitecture, biomarkers, and AD 

Mounting evidence shows that sleep physiology and the sleep-wake cycle directly influences 

AD biomarkers and subsequent cognitive decline in older adults and persons with AD134–137.  

For example, extracellular Aβ and tau in brain interstitial fluid and cerebral spinal fluid (CSF) 
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fluctuate diurnally, with soluble Aβ levels rising during wakefulness and lowering during 

sleep9,136,138,139.  A number of associations between tau and sleep−wake regulation have also 

been reported, supporting a bidirectional relationship between sleep−wake disruption and 

tau pathology, similar to the bidirectional relationship between sleep−wake disruption and 

Aβ9.  

 

Amyloid-beta levels have also been correlated with sleep disruptions in cognitively normal 

persons with preclinical AD6,9,31.  A significant inverse correlation has been found between 

CSF Aβ42 levels, SWS duration and continuity, and SWA in cognitively normal older adults 

(controlling for age and APOE4 status), suggesting that sleep disturbances might drive 

increased soluble brain levels of Aβ prior to amyloid deposition 140  Decreased NREM SWA 

has been associated with Aβ and tau deposits in cognitively normal older adults and in early 

stages of AD35,135. Decreased NREM SO have also been associated with increased Aβ 

accumulation in the medial prefrontal cortex35. Sleep disruption has also been correlated 

with higher tau deposition and  increased tau pathology in older adults, but the precise 

mechanisms behind these  associations are not known51,135,141,142.  

 

Sleep architecture and physiology change with increasing age, but these changes are more 

pronounced in persons with AD and have been linked to AD progression29,143,14432,145,146. 

Meta-analyses of polysomnography (PSG) measured sleep architecture in persons with 

AD/ADRD have found increased sleep latency (the time it takes to fall asleep once in bed), 

decreased total sleep time and sleep efficiency, and increased wake time after sleep onset, 

and number of awakenings once asleep in persons with AD78.  Sleep fragmentation and 
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significant reductions in slow-wave (SWS) and REM sleep have also been found in persons 

with mild to moderate AD78,147. 

 

Decreased SWS and REM sleep and loss of normal slow wave physiology are significantly 

associated with pathophysiological changes in the brain and the severity of cognitive 

impairment in persons with AD29,33–35,78,147. These changes can also predict or accelerate the 

progression of cognitive decline and functional impairment in persons with AD6,7,99.   

 

Changes in sleep microarchitecture, including SWA, sleep spindles, and SO, have also been 

linked to the development and progression of AD29,143,144. Sleep microarchitecture is altered 

in persons with AD to a greater degree than what is seen in normal ageing32,145,146.  Greater 

reductions in spindle activity, including spindle density and duration,  have been found in  

persons with Mild Cognitive Impairment (a prodromal stage of AD [MCI]) and AD than in 

healthy older adults32,78,148–153. Slow oscillations also decrease in number and amplitude in 

middle-aged and older adults, but these decreases are also more pronounced in persons with 

cognitive decline or AD29,154,155.  The synchronisation (cross-frequency coupling) of slow 

waves and spindles during NREM that plays an important role in sleep-related memory 

consolidation in older adults deteriorates to a greater degree with advancing age and 

AD50,51,141,156,157.   

 

Alzheimers disease and poor sleep 

While poor sleep may play a leading role in AD pathology , Aβ and tau pathology may also 

drive changes in sleep in persons with at risk of AD. Their accumulation in cortical regions, 

the hypothalamus, and nuclei regulating sleep-wake can lead to sleep disturbances and 
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impaired slow-wave activity (SWA) during non-rapid eye-movement (NREM) sleep, which 

may also contribute to hippocampus-dependent cognitive decline in older adults9,35,158. 

Cortical atrophy and loss of grey matter volume in the hippocampus, praecuneus, amygdala, 

and cingulate gyrus may also be associated with declines in spindle and SO activity31  

 

During early AD, phosphorylated tau (pTau181) accumulates in areas associated with arousal 

and sleep regulation and may play a role in sleep-wake disruptions, disrupting spindle activity 

and impairing memory consolidation159.  Tau pathology in the medial temporal lobe is 

associated with reductions in hippocampal ripples and the synchronization of spindle-ripple 

events, also impairing memory consolidation during sleep160. Physiological changes 

associated with AD progression also reduce synaptic and dendritic integrity and lead to 

neuronal hyperexcitability and hypersynchronous network activity, further impairing sleep 

spindle generation and memory consolidation161.   

 

These associations between AD pathology and sleep have important implication for persons 

with AD.  They may also accelerate declines in physical and mental health in AD and their 

severity increases as AD progresses. Sleep difficulties affect up to 25% of persons with mild-

to- moderate AD and over 50% of people with moderate-to-severe AD6,101.  Sleep 

disturbances and circadian rhythm dysfunction also decrease functional capacity and quality 

of life for persons with AD and their caregivers77,162. In fact, sleep disorders and difficulty 

sleeping through the night are among the leading causes of caregiver stress and 

institutionalization for persons with AD77,162. They are also associated with increased 

aggressive behaviour, agitation, and confusion in persons with AD.  
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Evidence gaps and opportunities  

Given the growing incidence of AD and its effects on patients and their communities, there is 

pressing need for greater understanding of factors contributing to cognitive decline and 

disease progression in persons with AD, and accessible, sustainable methods for early 

identification and treatment to delay AD onset or slow its progression in persons at 

risk4,77,82,83.  The bidirectional relationship between sleep and AD/ADRD pathology offers 

opportunities for early identification of persons at-risk and the development of sleep-based 

interventions to reduce AD risk and delay its progression10,104,145,163–165.  

 

 

Identification of persons at risk of AD or accelerated AD progression 

Levels of AD and neurodegeneration biomarkers, including Aβ (AB40, 42, or AB40/42), total-

tau (T-tau), phosphorylated tau (P-tau) and neurofilament light (NfL), measured in  plasma, 

cerebral spinal fluid (CSF) or positron emission tomography (PET) are strongly correlated with 

their levels in the brain.119,166,167 However , PET imaging requires expensive, specialized 

facilities, exposes the participant to radiation, and access to PET scanning can be 

limited.119,168 This can also hinder recruitment and retention of participants in studies of AD, 

particularly participants from minority or under-represented groups.119   

 

Recent advances in bioassays have also increased the viability of CSF and plasma tau levels as 

potential surrogates for the presence neurofibrillary tangles169. Lumbar puncture for CSF is 

more accessible than PET scanning but is invasive and mild adverse reactions may result from 

lumbar puncture.84,119 Recent advances in ultra-sensitive blood-based assays also enable 

accurate measures of AD biomarkers, overcoming some of the high cost, invasiveness, and 
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potential adverse reactions associated with lumbar-puncture for CSF or PET.119,120,167 They 

are not without cost, however, and require blood draws and laboratory analysis with 

specialised equipment119,127,167. 

 

There is growing need  for accessible, non-invasive screening for AD risk and progression, 

Sleep assessments, including sleep alterations correlated with AD biomarkers, offer the 

potential for accessible, non-invasive screening for AD risk that may increase the possibility 

sensitive, and non-invasive screening for AD and early identification of persons at risk, before 

the onset of clinical symptoms, 145,164,165. Investigating  the associations between sleep 

physiology and these biomarkers may also support the development of  interventions 

targeting sleep to delay AD progression. Changes in sleep quality and efficiency can also 

precede the onset of cognitive decline and run in parallel with AD pathology and cognitive 

dysfunction163.Changes in sleep architecture can indicate amyloid and tau pathology and 

predate the onset of cognitive changes by years or decades in persons with AD8,9,16351,143.   

 

A growing body of research has explored associations between sleep microarchitecture, 

biomarkers of neurodegeneration, and cognition in healthy in older adults. 

However, the majority of research exploring these associations has been undertaken in 

healthy, cognitively normal,  older adults, rather than persons with AD, creating and 

important gap in our knowledge of the links between sleep physiology and AD progression.  

For example,  Zavecz et al (2023) found that NREM SWA predicted and significantly 

moderates the effect of Aβ status on memory function in cognitively normal older adults with 

high AΒ burden, while those without significant Aβ burden did not benefit similarly from the 

presence of NREM SWA170. Studies by Varga et al. (2016),  Mander et al. (2015, 2016), Osorio 
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et al. (2014) and others have also shown that SWA, specifically SO, is associated with CSF AΒ 

levels in cognitively normal, healthy older adults34,35,67,135,171,172, and could predict the speed 

of AΒ accumulation over time67.   

 

Much less is known about predictive associations between SWA, spindles, biomarkers of 

neurodegeneration, and cognition in persons with AD9,141. Whether features of SWA and 

NREM sleep physiology can be used to predict or alter the progression of amyloid or tau 

pathology or cognitive decline in persons who already have clinical AD has not been 

investigated extensively9,141,151,152,173.  Therefore, these were investigated in the studies in 

chapters two and three of this thesis. 

 

Treatments for AD, cognition, and modifiable risk factors 

There are currently few FDA approved, disease-modifying treatment for AD in the US, such as 

aducanumab, lecanemab-irmb and donanemab-azbt174. These target amyloid plaque in 

persons with early, symptomatic AD, but it can be difficult to identify persons for treatment 

before Aβ burden is too high174.  There is growing interest in whether alterations in NREM 

SWA, including spindles and slow oscillations, could be used to monitor the progression of AD 

pathology before the onset of clinical symptoms or monitor response to treatment non-

invasively13551,145,175.  These may also offer important and novel treatment targets to delay 

the onset of AD symptoms or slow their progression.  Delaying the onset of AD clinical 

symptoms by just 5 years may reduce treatment costs for AD by up to 40% and add 2.7 

additional life years (about 5 years free of AD) for persons with AD176.  

 

Treating sleep to preserve brain-health, reduce AD risk, or slow AD progression 
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Given the limited availability of effective treatment options for AD, identification and 

prevention of modifiable risk factors for AD, such as physical inactivity or poor sleep, is 

essential.  Treating poor sleep may therefore be an important preventive approach for 

preserving cognition and brain health and reducing the risk of AD in older adults72,177.  A 

number of interventions have been developed to improve sleep health. These include 

pharmacological treatments, such as sedative antidepressants and benzodiazepine receptor 

agonists178,179, and a range of non-pharmacological interventions179,180, including sleep 

hygiene, mindfulness techniques, cognitive behavioural therapies for insomnia, and physical 

exercise180,181.  

 

Medications, including sedative antidepressants, hypnotics, benzodiazepine receptor 

agonists, can be effective short-term treatments for poor sleep, with dual orexin receptor 

antagonists (DORA) showing evidence of effectiveness for up to 1 year182. However, 

pharmacological treatment is currently only recommended for acute management of 

insomnia disorder, and there is little evidence available about their comparative effectiveness 

against other active treatments, versus placebo, in older adults183–187.   There is a paucity of 

long-term data available for their effectiveness or tolerability in older adults.17  Their adverse 

effects, such as daytime drowsiness, sedation, and dependence also  limit their acceptability 

for users188,189.  Other pharmaceutical treatments such as melatonin or melatonin agonists 

(e.g. ramelteon) have not been shown to be effective (low to very low effects) in meta-

analyses of pharmaceutical interventions for acute or long-term treatment of insomnia183. 

 

Non-pharmacological interventions, such as cognitive-behavioural therapy for insomnia, 

can therefore play an important role in treating sleep difficulties.181 Cognitive-behavioural 
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therapy (CBTi) for insomnia is the preferred first-line treatment for sleep problems190.  It 

typically takes place over 6-8 weeks, and focuses on restructuring the thoughts, feelings, and 

behaviours that contribute to the participant’s insomnia191,192. Therapeutic techniques within 

a CBTi program include stimulus control, sleep restriction, and relaxation training191,192.   

 

Systematic reviews and meta-analyses of CBTi have found large treatment effects (Cohen’s 

criteria) for in person “onsite” CBTi (− 1.27;95%CI − 1.70, − 0.84), group-delivered CBT-I 

(− 1.00;95%CI − 1.42. − 0.59), and digital CBTi (remotely or by tele-health) 

(− 1.28;95%CI − 2.06, − 0.50) on self-reported insomnia severity (e.g. with the Insomnia 

Severity Index193, Athens Insomnia Scale194, Insomnia Symptom Questionnaire195, or Sleep 

Condition Indicator196) and sleep quality in younger and older adults197–199.   Generally, CBT-I 

is associated with robust improvements in self-reported measures of sleep onset latency and 

(initiation of sleep) and wake after sleep onset (sleep maintenance). However, although CBTi 

is widely effective for the treatment of insomnia in younger and older adults,200201 it typically 

achieves success in only two-thirds of participants200,202.  It is also particularly effective for 

improving subjective, rather than objective (e.g., sleep architecture or physiology) sleep 

outcomes201. Meta-analyses consistently find no significant effects of CBTI on objectively 

assessed (by polysomnography or actigraphy)  sleep-related outcomes, including total sleep 

duration or sleep efficiency197,203.  This is important, given the strong links between these, 

sleep microarchitecture, cognition, and the risk of neurodegenerative disorders.  

 

A CBTi treatment program also requires 6-10 treatment sessions, and can be expensive and 

difficult to access198,204–207.  Digital cognitive behavioural therapy (eCBTi) are less costly and 

more accessible have shown promising results198,208  However,  more research is needed to 
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investigate the high rates of early dropout or disengagement that have been reported in 

some studies of eCBTi209. The feasibility  and acceptability of eCBTi with older adults with 

insomnia has also not been investigated extensively. Additionally, no current treatment for 

insomnia, including CBTi, has been shown to improve objectively assessed  cognition or 

biomarkers of neurodegeneration in older adults.210,211 This creates opportunities to 

complement CBTi with exercise, which does targets sleep physiology including NREM slow-

wave activity 212–215, to boost its effects and achieve wider efficacy.216–218.  

 

Exercise is now suggested as an adjunct to CBTi in the treatment of insomnia218,219. However, 

exercise has also emerged as an effective and accessible intervention for poor sleep, either 

independently or in conjunction with other approaches212,220–223. Like sleep, exercise is also a 

highly modifiable lifestyle factor strongly linked to a number of physical and mental health 

outcomes and quality of life. 

 

Exercise is a promising, widely accessible intervention for sleep difficulties that can be 

performed in a variety of settings inexpensively or cost-free224,225. It may be an ideal 

complement to other healthy lifestyle approaches to preserving brain health in older 

adults218. Exercise is also associated with a range of benefits for health and quality of life and 

may protect against functional and cognitive decline in older age4,224,226,227. It has been shown 

to improve learning and memory independently of its effects on sleep in both younger and 

older adults228,229.  In fact, exercise of most durations and intensities has been found to 

improve cognition230,231. However, cardiovascular (aerobic) and moderate-intensity exercise 

have been associated with greater increases in cognition and memory than light or vigorous 

exercise231–233.  Recent research has also shown that exercise and sleep can also act 
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synergistically to  benefit cognition, enhance memory consolidation and long-term 

memory222,234,235. 

 

Critical review: Evidence for exercise and sleep 

There is a robust bidirectional relationship between exercise and sleep236. Several meta-

analyses have shown that exercise benefits sleep, and these beneficial are seen across adult 

age groups and sex212,220,223,224. Moderate to strong evidence also shows that exercise 

benefits sleep in persons with insomnia, obstructive sleep apnoea, and other sleep 

problems212,223,237, as well as persons with neurodegenerative disorders220,238.    

Exercise intensity can be categorized as low, moderate, or high-intensity based on the 

American College of Sports Medicine (ACSM) guidelines (table 1)239.   

 

 

 

 

Table 1:  Exercise intensity categories according to ACSM guidelines 

 

A wide-range of exercise modalities, durations, and  intensities are reported in the evidence-

base. Low-intensity exercises are generally performed at <64% of a person’s maximal heart 

rate (mHR) , while moderate intensity exercise are performed at 64-76% of mHR and high 

intensity exercise is performed at  >76% mHR239.   Examples of exercises interventions 

targeting poor sleep include stretching, aerobic exercise, aquatic exercise, interval training 

(e.g. high intensity interval training)235  resistance training, elastic band exercise, cycling or 

Intensity HRmax HRR VO2max METs Borg RPE 
Low <64% <40% ≤ 45% <3 <11 Very light to light 
Moderate 64-76% 40-60% 46-63%  3-5.9 12–13 Fairly light to somewhat 

hard  
High 
(vigorous) 

≥77% >60% 64-90 6.0-8.7 14–17 Somewhat hard to very 
hard  
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cycle ergometry, overground walking programs, treadmill training, Pilates exercises, yoga, 

light Tai Chi, or programs combining different kinds of exercises.  However, Kredlow et al 

(2015) found no differences in sleep outcomes between acute bouts of moderate intensity 

aerobic or anaerobic exercise, or chronic resistance exercise and mind-body exercise such as 

Tai chi or yoga), in a meta-analysis of exercise interventions targeting sleep, suggesting that 

exercise intensity, rather than mode, may have a greater influence on sleep outcomes224 

 

Mechanisms Underlying the Effect of Exercise on Sleep 

The mechanisms underpinning the beneficial effects of exercise on sleep are also less well 

understood240. Several potential mechanisms for these effects have been proposed, including 

exercise-induced reduction in systemic inflammation, modulation of endocrine or metabolic 

processes, increased endorphin, melatonin and growth hormone secretion, increasing anti-

inflammatory cytokines, changes in neurotransmitters regulating sleep, increased brain 

derived neurotrophic factor (BDNF), changes in heart rate and hear rate variability, body 

temperature, autonomic function, raising of core body temperature, and entrainment of 

sleep wake and cycles circadian rhythms, among others224,241. Circadian rhythms are, in turn,  

major determinants of human physiology, endocrinology, and behaviour, including sleep 242.  

Other proposed mechanisms include exercise-induced changes in mood, depression, or 

anxiety influencing sleep 241,243,244.  Features of exercise programs, such as their frequency, 

duration, or the time of day may also influence these effects.  

 

Exercise may also  influence SWS through homeostatic regulation of body temperature, 

which increases during exercise but decreases during SWS224,243.  A larger amount of SWS 

may be needed after exercise to maintain homeostasis224,243. Acute and regular moderate 
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intensity exercise also increases slow-wave activity (SWA) during SWS in younger adults213,214 

and increases electroencephalogram (EEG) power during SWS in older adults.245  

 

Exercise has also been shown to decrease levels of biomarkers and cytokines associated with 

poor sleep, inflammation, and cognitive decline, and increase those linked to sleep, cognition 

and brain health.246–248. Examples include Aβ, Brain-Derived Neurotrophic Factor (BDNF), C-

reactive protein (CRP), Glial fibrillary acidic protein (GFAP), and Insulin-like growth factor 

(IGF-1). Randomised controlled trails of exercise interventions or physical activity levels in 

healthy older adults and older adults with Mild Cognitive Impairment (MCI) have reported 

moderate-to-large treatment effects for exercise on Aβ249–252. Brain-Derived Neurotrophic 

Factor is associated with learning and memory, neuronal growth and repair and 

neuroplasticity, and can protect against neurodegeneration later life.253–256.  Both acute and 

regular exercise have been shown to increase BDNF levels, which may mediate memory 

consolidation after exercise in  younger and older adults246,257. C-reactive protein (CRP) is an 

inflammatory protein associated with neuroinflammation, sleep disturbances, cognitive 

decline, dementia risk, and AD258,259.  CRP decreases with exercise, regardless of age or 

sex260.   

 

Insulin-like growth factor (IGF-1) is associated with neurogenesis and cognitive function.261–

263. There is a bidirectional relationship between IGF-1 and sleep regulation, with preferential 

secretion of IGF-1 during slow-wave sleep264. IGF-1 also increases with exercise in younger 

and older adults265,266. Glial fibrillary acidic protein (GFAP) has been linked to 

neuroinflammation and cognitive decline267,268 Plasma GFAP concentrations are elevated in 

chronic insomnia142 and older adults at risk of AD269. Plasma GFAP concentrations decrease 
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significantly after 30 minutes of aerobic exercise in younger adults268, and higher levels of 

regular physical activity are associated with lower GFAP concentrations in older adults267. 

 

Exercise and Sleep in Young to Middle-aged Adults 

Strong evidence supports the beneficial effects of either acute (single bout) or regular 

(greater than one week)  exercise on sleep in younger and middle-aged adults and persons 

with insomnia212,224,237,270. These benefits include improved subjectively (e.g., the Pittsburgh 

Sleep Quality Index, Insomnia Severity Index, or sleep diaries) or objectively (actigraphy or 

polysomnography) assessed sleep quality and quantity (total sleep time), and changes in 

sleep physiology (sleep microarchitecture, including slow-wave activity, sleep spindles, etc), 

as well as decreased use of sleep medications212,224,237,270.  In a 2021 umbrella review of 

exercise and sleep across the lifespan, Kline et al.212  found strong evidence for positive 

effects of acute and regular physical activity on sleep outcomes, including increased total 

sleep time (TST), sleep efficiency-SE (the amount of time in bed spent asleep), sleep onset 

latency-SOL (the amount of time it takes to fall asleep once in bed), decreased number of 

night-time awakenings, and decreased time spent awake after sleep onset-WASO212. 

 

Exercise and Sleep in Older Adults 

Exercise interventions can also benefit sleep in older adults220,221.  Evidence from controlled 

interventional trials supports the beneficial effects of acute or chronic exercise on self-

reported (subjectively assessed) and objectively measured (e.g. polysomnography or 

actigraphy) sleep, including improved sleep quality and increased TST, SE, Non-REM stage 3 

and SWS, and decreased use of medications for sleep220,221,225,271–273. This is an important 

finding, given the high prevalence of sleep disturbances among older adults (≥ 65 years 
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old)274.  Acute  and regular exercise also increase the percentage of NREM sleep and 

SWS213,214,224,275 in older adults, with important implications for cognition and memory16. For 

example, Vitiello et al (1994) also found that long-term aerobic training increased the total 

amount of SWS in healthy older adults276. 

 

While systematic review of exercise and sleep have found that  exercise increased  

participants’ subjective sleep quality and sleep duration,  regardless of the exercise mode or 

the intensity277, moderate intensity exercise, performed in a range of frequencies and 

duration, has most frequently been associated with improvements in sleep outcomes in older 

adults. 271,278,279. For example, Vanderlinden et al. reviewed 14 experimental studies of 

exercise and sleep in healthy older adults. Exercise programs positively influenced sleep in 

older adults, with moderate-intensity exercise performed thrice weekly for 12-24  weeks 

associated with the greatest number of improvements in sleep outcomes 271.   

 

Exercise also improves sleep, cognitive performance, and  psychological well-being in older 

adults224,227,231,241,243,244 and reduces the detrimental effects of sleep loss on memory in 

young adults235. Exercise of most durations and intensities has been found to improve 

cognition in older adults.230,231,280230,231,281  Moderate intensity physical activity and exercise 

are also associated with beneficial changes in cerebrospinal fluid biomarkers such as Aβ and 

tau linked to AD and dementia.249–252 Exercise is a modifiable lifestyle factor that can protect 

against functional and cognitive decline and mitigate the risk of dementia in older age.224,282It 

may be an ideal complement to other healthy lifestyle approaches for preserving brain health 

in older adults.218  
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Limitations in the body of evidence for exercise and sleep 

While the benefits of exercise for sleep are well-evidenced, the  optimal exercise mode or 

dosing of exercise remain unclear212,224. Important questions remain about whether there is a 

minimal dose of exercise (intensity, frequency, duration,) below which sleep is not improved, 

and whether higher doses of exercise result in greater improvements in sleep212,224,277.  

Exercise of low, moderate, and high intensities have been found to have beneficial effects on 

subjective or objectively assessed sleep, though the greatest benefits for sleep duration 

(TST), sleep efficiency, WASO, and increased deep sleep (slow-wave sleep) have been 

reported with moderate-intensity exercise. The optimal time of day during which exercise 

should be performed to influence sleep is also uncertain. In older adults, however, greater 

benefits for sleep have been found with exercise in the evening, compared to exercise in the 

morning 283.   There is also a lack of agreement about the methodological quality of the body 

of evidence supporting the effectiveness of exercise interventions targeting sleep in older 

adults. This is explored extensively in chapters 4 and 5 of this thesis. 

 

Evidence gaps: Exercise for sleep in older adults 

While evidence suggests that exercise is beneficial for sleep in older adults, the magnitude of 

these benefits and the effects of exercise on sleep architecture remain unclear212,224. 

Evidence supports the effectiveness of exercise for improving subjectively reported sleep 

quality in older adults, but few systematic reviews have assessed or meta-analysed  

objectively-measured (by polysomnography or actigraphy) sleep outcomes in studies of 

exercise and sleep in older adults, particularly in older adults with Insomnia disorder212 212,284.    
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The effect of moderators such as older adults’ age, sex, or degree of sleep difficulty is 

uncertain, as is the influence of exercise intervention characteristics, such as the time of day 

during which participants exercise, the duration of exercise sessions, or length of exercise 

intervention programs, on treatment effect estimates for exercise on sleep in older adults.  

The optimal exercise mode or dose, and dose-response relationships between exercise and 

sleep outcomes in older adults also remain unclear212,224.   

 

Another important knowledge gap is whether exercise can be an effective treatment for poor 

sleep in persons with Alzheimer’s disease (AD) or related dementias (AD/ADRD). To the best 

of our knowledge, no prior systematic review has meta-analysed the effectiveness of exercise 

interventions targeting sleep in persons with AD or critically appraised the quality of evidence 

for the effectiveness of exercise interventions targeting sleep in this population. 

 

Thesis overview 

There are strong associations between sleep, cognition, and brain-health. Sleep may also be 

one of the most important modifiable and treatable risk factors for a range of health 

conditions, including cognitive decline and AD.  Nevertheless, important questions about the 

interactions between sleep, sleep physiology, cognition, and neurodegeneration remain 

unanswered.  

 

This thesis explores links between sleep and sleep physiology during non-rapid eye-

movement  (NREM) sleep stages 2 and 3, brain-health, and cognition in older adults and 

persons with Alzheimer’s Disease and Related Dementias (AD/ADRD). It provides new insights 

into the associations between sleep, cognition, and biomarkers of neurodegeneration in 
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older adults (chapter I). It also provides new evidence demonstrating that spindle and slow 

oscillation activity during NREM sleep  constitute predictive and non-invasive biomarkers of 

neurodegeneration and cognition in Alzheimer’s Disease (AD) patients (chapters II-III).  Sleep 

microarchitecture can, therefore, also provide novel therapeutic targets for preserving brain-

heath and slowing AD progression. It then explores how exercise, a promising and widely 

accessible intervention targeting sleep physiology, can be an effective intervention for poor 

sleep in older adults (chapter IV)  and persons with Mild Cognitive Impairment (MCI) and 

AD/ADRD (chapter 5). 

 

Evidence gaps, opportunities, and research questions explored in this thesis 

Throughout the literature review that informed this chapter (Chapter 1), several knowledge 

gaps in the evidence for sleep, cognition, Alzheimer’s disease and interventions for sleep 

were identified. Four primary evidence gaps and research questions (RQ) will be addressed in 

this thesis: 

1. Sleep, neurodegeneration, and cognition:  

RQ: What is known about the links between sleep, Alzheimer’s disease , and cognition in 

older adults?  The evidence for associations between sleep, neurodegenerative diseases of 

ageing, and cognition is reviewed in chapters one through three.  The majority of research 

investigating associations between sleep, cognition, and neurodegeneration has been 

undertaken in healthy older adults, or those at risk of AD. Less is known about the inter-

relationships between sleep and the progression of cognitive decline or neurodegeneration 

in persons already showing clinical AD symptoms. This chapter establishes key evidence gaps 

to be explored in the thesis.  
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2. Sleep physiology, neurodegeneration, cognition, and Alzheimer’s Disease:  

RQ: Does sleep microarchitecture predict cognitive decline and biomarkers of 

neurodegeneration and in persons with mild-to-moderate Alzheimer’s disease?  

The majority of research has explored links between sleep spindle and slow oscillations, 

biomarkers of neurodegeneration, and cognition in healthy older adults or older adults at risk 

of AD, but not those with clinical AD symptoms. It is unknown whether sleep physiology can 

predict longitudinal cognitive decline in persons already manifesting AD symptoms. This has 

important implications for clinical care of persons with MCI or AD, and targeting of 

interventions to slow the progression of AD. 

3. Interventions for poor sleep in older adults 

RQ: Which interventions are effective for poor sleep in older adults? 

In chapter I, the evidence for pharmacological and non-pharmacological interventions for 

poor sleep are reviewed critically, identifying important methodological considerations and 

evidence gaps that are addressed in chapters four and five of the thesis. Treatment options 

for AD are limited and depend on early identification of persons with AD before their beta-

amyloid levels are too high. Given this, early identification of persons at increased risk and 

prevention of modifiable AD risk factors, like poor sleep, is essential. 

4. Exercise, sleep, and older adults. 

RQ: Are exercise interventions targeting sleep in older adults effective?  

There is strong evidence for the effectiveness of exercise interventions targeting subjectively 

reported and objectively assessed sleep in young and middle-aged adults, but questions 

remain about the effectiveness of these interventions in healthy older adults. These are 

explored in the introduction (chapter I), and in chapter IV, identifying important 
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characteristics and key modifiers of effective exercise interventions for poor sleep in healthy 

older adults. 

5. Exercise, sleep, and older adults with MCI or AD. 

RQ: Is exercise an effective intervention for poor sleep in older adults with MCI or 

Alzheimer’s’ disease ? 

No prior systematic review or meta-analysis has investigated the effectiveness of exercise 

interventions targeting sleep in persons with MCI or AD. A meta-analysis of controlled, 

interventional trials of exercise targeting sleep in MCI or AD is needed to determine their 

effectiveness, identify optimal intervention parameters for clinical care of persons with AD,  

and  identify evidence gaps to be explored in future research. 

 

Thesis aims and hypotheses: 

I. To review state of evidence for sleep, cognition, Alzheimer’s disease, and biomarkers for 

neurodegeneration. 

II. To investigate associations between sleep spindles, slow wave activity (SWA), and these 

biomarkers. 

Hypothesis: Sleep spindles and slow oscillations predict biomarkers of AD neurodegeneration 

and neuroinflammation in mild-to-moderate AD. 

III. Investigate whether sleep spindles and SWA can predict cognitive decline and 

neuropsychiatric symptom severity in older adults with mild-to-moderate AD. 

Hypothesis: Sleep spindles and slow oscillation activity at baseline predict longitudinal 

cognitive progression and neuropsychiatric symptom severity in older adults with mild-to-

moderate AD 
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IV. Investigate the state of evidence and effectiveness of exercise interventions targeting 

sleep: 

 a. in healthy older adults 

 b. in older adults with Mild Cognitive Impairment (MCI) or AD. 

Hypotheses: Exercise interventions are effective for improving subjectively reported and 

objectively assessed (polysomnography and/or actigraphy) sleep outcomes in healthy older 

adults and older adults with MCI) or AD. 
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General methods overview 

 

Figure 1: Thesis flow diagram. 

 

The following subsection lists the primary aims and methods for each chapter. 

Chapter I: Introduction: 

Main aims: Describe the state or knowledge and evidence gaps for the relationships between 

sleep, brain-health, Alzheimer’s Disease and Related Dementias,  and interventions for poor 

sleep in older adults.  

Method: Literature review and critical appraisal of evidence.  

Publication: The contents of this chapter have been adapted and published as “State of the 

Science: Exercise interventions targeting sleep in older and younger adults,” a chapter in “The 

Cambridge University Handbook of Sleep Models and Theories.” Cambridge University Press, 

UK, 2024 (in press).    

 

Chapter II:  
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Main aims: To determine if sleep spindles and slow oscillation activity predicts biomarkers of 

neurodegeneration at baseline and cognition over three years in persons with mild to 

moderate Alzheimer’s Disease. 

Method: Analysis of data from a prospective cohort study of the cognitive evolution of 

persons with mild-to-moderate Alzheimer’s Disease. 

Publication: This chapter has been accepted for publication (in press) as “Sleep spindles and 

slow oscillations predict cognition and biomarkers of neurodegeneration in mild to moderate 

Alzheimer’s Disease285” in Alzheimer’s and Dementia, The Journal of the Alzheimer’s 

Association. 11/2024, ADJ-D-24-01771R1.   

          

Chapter III: Sleep microarchitecture predicts neurofilament-light,  

biomarkers of neuroinflammation, and cognition in persons with mild-to-moderate 

Alzheimer’s Disease.  

Method: Analysis of data from a prospective cohort study of the cognitive evolution of 

persons with mild-to-moderate Alzheimer’s Disease. 

Publication: This chapter was submitted for publication in Brain (Oxford University Press), 

11/24. 

          

Chapter IV: Exercise interventions benefit sleep in older adults: A systematic review and 

meta-analysis.  

Main aim: Systematically review and meta-analyse controlled, intervention trials of exercise 

interventions targeting sleep in healthy older adults. 

Publication: This chapter was submitted for publication in BMC Geriatrics (under review), 

special call for papers: Sleep disorders and older adults, as “Exercise interventions benefit 



 
  

 33 
 

sleep in older adults: A systematic review and meta-analysis.” 09/24 Manuscript ID: 

85fd58b4-fbe2-4183-bdb4-d31c9d7355f4 v1.0 

          

Chapter V: The effectiveness of exercise interventions targeting sleep in older adults   

with cognitive impairment or Alzheimer’s Disease and Related Dementias (AD/ADRD): A 

systematic review and meta-analysis. 

Main aim: Systematically review and meta-analyse controlled, intervention trials of exercise 

interventions targeting sleep in older adults with MCI or AD. 

Publication: This chapter was published as “The effectiveness of exercise interventions 

targeting sleep in older adults with cognitive impairment or Alzheimer’s Disease and Related 

Dementias (AD/ADRD): A systematic review and meta-analysis220” in  The Journal of Sleep 

Research, the journal of the European Sleep Research Society, in 03/24.    

    

Chapter VI: Thesis conclusions and implications 

Main aim: Discuss the implications of thesis’ findings in the context of clinical care of persons 

with AD, preserving brain-health and cognition in older adults, and implications of our 

findings for sleep research. 
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Chapter II:  Sleep spindles and slow oscillations predict cognition and biomarkers of 

neurodegeneration in mild to moderate Alzheimer’s Disease. 

 

Chapter Summary 

In this chapter, we investigate how NREM sleep physiology at baseline predicts biomarkers of 

neurodegeneration and cognition with data from a prospective cohort study of the cognitive 

evolution of persons with mild-to-moderate Alzheimer’s disease(AD). This chapter addresses 

important knowledge gaps for the role of sleep physiology in AD and AD progression 

reviewed in the introduction. This chapter has been published as a manuscript in Alzheimer’s 

and Dementia, The Journal of the Alzheimer’s Association as:   

Páez A, Gillman SO, Dogaheh SB, et al. Sleep spindles and slow oscillations predict cognition 

and biomarkers of neurodegeneration in mild to moderate Alzheimer’s disease. Alzheimer’s 

Dement. 2024;1-17. https://doi.org/10.1002/alz.1442411/2024285. 
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Abstract 

INTRODUCTION: Changes in sleep physiology can predate cognitive symptoms by decades in 

persons with Alzheimer’s disease(AD), but it remains unclear which sleep characteristics 

predict cognitive and neurodegenerative changes after AD onset. 

METHODS: Using data from a prospective cohort of mild-to-moderate AD (n=60), we 

analysed non-rapid eye-movement sleep spindles and slow oscillations (SO) at baseline and 

their associations with baseline amyloid-beta and tau, and with cognition from baseline to 

three-years follow-up.  

RESULTS: Higher spindle and SO activity predicted amyloid-beta and tau at baseline, and 

statistically significantly lower Alzheimer’s Disease Assessment Scale Cognitive Subscale 

(better cognitive performance), and higher Mini-Mental State Examination scores from 

baseline to 36-months. Spindles and SO mediated the effect of pTau181/aβ42 on cognition, 

while pTau181/aβ42 moderated the effect of spindles and SO on cognition. 

DISCUSSION: Our findings demonstrate that spindle and SO activity during sleep constitute 

predictive and non-invasive biomarkers of neurodegeneration and cognition in AD patients  
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1. Background 

Poor sleep has been linked to increased risk of Alzheimer’s Disease and Related Dementias 

(AD/ADRD) and can predict or accelerate the progression of cognitive decline in persons with 

Alzheimer’s Disease (AD)6,7,99.  Up to 66% of persons with AD/ADRD experience poor sleep6–

8,99. Sleep disorders such as insomnia and sleep apnoea often appear in the preclinical stage 

of AD6–8,99. AD patients also experience greater sleep latency (Äme to fall asleep once in bed), 

wake Äme aÅer sleep onset, and number of nighÇme awakenings than healthy older adults, 

along with significant reducÄons in total sleep Äme, sleep efficiency, slow-wave (SWS) and 

rapid eye-movement (REM) sleep78.  

 

There is a bidirectional relationship between sleep and AD/ADRD9,10. Sleep plays important 

roles in the clearance of β-amyloid (Aβ) and tau linked to AD/ADRD6,104. Sleep disturbances 

have been linked to increased Aβ and tau accumulation in the brain that can precede the first 

cognitive symptoms of AD by 15-20 years6,9,31.   Conversely, Aβ and tau pathology in cortical 

regions, the hypothalamus, and nuclei regulating sleep-wake can lead to sleep disturbances 

and impaired slow-wave activity (SWA) during non-rapid eye-movement (NREM) sleep, which 

may also contribute to hippocampus-dependent cognitive decline in older adults9,35,158.  

 

Sleep spindles and slow oscillaÄons (SO) during NREM sleep are also altered in AD and have 

been linked to AD progression29,143.  Sleep spindles are 9–16 Hz waxing-and-waning 

oscillaÄons generated within the thalamo-corÄcal network and consistently associated with 

sleep-dependent memory consolidaÄon, cogniÄon, and sleep conÄnuity37. Spindle density, 

duraÄon, and amplitude decrease with age, but are further reduced in persons with 

AD/ADRD32,78,148. Large-amplitude, low-frequency slow waves (> 75 microV, 0.5-4Hz) and 
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slow oscillaÄons (SO)( <1 Hz), largely arising from the prefrontal neocortex, also underlie 

memory consolidation during sleep46.  Slow oscillations decrease in number and amplitude in 

middle-aged and older adults29,155. These decreases are more pronounced in persons with 

cognitive decline or AD/ADRD29,155.  

 

1.1 Evidence gaps and opportunities  

Changes in sleep physiology can predate the onset of cogniÄve changes by years or decades 

in persons with AD8,9,51,143,163.  Sleep assessments including features of NREM sleep 

correlated with AD pathology or cogniÄve decline offer the potenÄal for early, non-invasive 

screening for AD risk before the onset of clinical symptoms and provide novel therapeuÄc 

targets to slow AD progression10,165.  Plasma, cerebrospinal fluid (CSF), and positron emission 

tomography can provide useful biomarkers of Aβ and tau levels in the brain. However, access 

to PET can be limited, requiring expensive, specialized faciliÄes168.  Lumbar puncture for CSF 

is more accessible but is invasive and carries risk of mild adverse reacÄons168. Ultra-sensiÄve 

blood-based assays enable increasingly accurate biomarker measures at lower cost, but 

require blood draws and specialised laboratory equipment167.  

 

Increasingly, research has explored associations between sleep physiology, AD  

biomarkers, and cognition in healthy older adults34,35,52,135,143,170–172.  Less is known about 

predictive associations between spindles, SO, biomarkers, and cognition in persons with 

AD9,141. Spindle intensity and density have been correlated with episodic memory and 

cogniÄon in limited samples of up to 15 persons with AD151,152.  Inverse relaÄonships between 

1–2 Hz SWA and CSF tau have also been found in preclinical and early AD135. However, 
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associaÄons between spindle and SO characterisÄcs, biomarkers of neurodegeneraÄon, and 

cogniÄve performance have not been invesÄgated together in AD paÄents. 

 

In this study, we invesÄgated associaÄons between baseline NREM spindle and SO acÄvity in 

a sample of 60 persons with mild-to-moderate AD and: 

1.  AD/ADRD biomarkers at baseline. 

2. CogniÄve performance over three years. 

 

We hypothesised that NREM sleep spindle and SO activity predict Aβ42 and tau levels at 

baseline. We also hypothesized that higher spindle and SO acÄvity predict higher cogniÄve 

performance (direct relaÄonship) in persons with mild to moderate AD.  Sleep spindle and SO 

activity may constitute predictive, non-invasive biomarkers of neurodegeneration and 

cognition in AD patients and novel therapeutic targets to slow AD progression and preserve 

brain-heath.  

 

2. Methods 

2.1 Study Design 

To test these hypotheses, we performed secondary analyses of data previously  

collected (from November 2014 to November 2017) in a prospective study of the influence of 

obstructive sleep apnoea (OSA) on the cognitive evolution of persons with AD (Role of 

Hypoxia And Sleep Fragmentation in Alzheimer’s Disease. ClinicalTrials.gov 

NCT02814045)99,286. Participant eligibility, recruitment, and data collection methods have 

previously been described extensively99,286. Briefly, a cohort of 104 persons with mild-
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moderate AD/ADRD were recruited in a prospective, observational study at the Cognitive 

Disorders Unit of Hospital Universitari Santa Maria (Lleida, Spain).  Eligible participants were 

aged ≥ 60 years old with AD diagnosed according to the National Institute on Aging and 

Alzheimer’s Association criteria287. Exclusion criteria have previously been described and 

included use of investigational drugs, beta-blockers, antidepressants, neuroleptics, or 

hypnotics within 15 days of the overnight polysomnography99,286.  None of the participants 

were taking anticonvulsants, antipsychotics, anxiolytics, hypnotics, or medications for poor 

sleep such as benzodiazepine receptor agonists, that may influence sleep microarchitecture. 

Five participants had previously taken antidepressants, but not for at least 15 days before 

their PSG. 

 

The study was approved by the institutional review board of Hospital Arnau de Vilanova de 

Lleida (CE-1218) and conducted according to the Declaration of Helsinki principles. Data from 

60 of the participants (30 females) was available for the analyses described in this paper.  

 

2.2 Data collection 

At baseline, participants underwent one-night polysomnography (figure 1). The following 

morning CSF was collected for biomarkers associated with amyloid deposition, tau pathology, 

neurodegeneration, axonal damage, synaptic integrity, neuroinflammation, and oxidative 

damage. At baseline and 12 months follow-up visits, participants underwent a battery of 

functional and neuropsychological assessments, including the Alzheimer’s Disease 

Assessment Scale–Cognitive Subscale (ADAS-Cog)288, California verbal learning test (CVLT), 

Mini-Mental Status Examination (MMSE)289, Rey-Osterrieth Complex Figure Test (ROCF) and 
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others (e.g. Cornell Scale for Depression in Dementia290, and Neuropsychiatric Inventory-

NPI291) capturing mental and physical function99,286. At the 24 and 36 month follow-up 

appointments, only the Mini-Mental Status Examination (MMSE) was administered.  

 

The ADAS-Cog assesses cognitive and behavioural domains most affected by AD and is a gold 

standard for assessing the efficacy of treatments targeting dementia288. The MMSE assesses 

cognitive function and impairment in older adults289. The ROCF292 and CVLT293 capture visual 

and verbal (respectively) learning and memory. 

 

 

 

Polysomnography (PSG) was undertaken in Lleida, Spain, using Philips Respironics Alice 6 LDx 

(34 channel EEG referenced to the mastoids, 512 Hz sampling rate). Electroencephalography 

(EEG) records were visually scored by experienced sleep technicians, using Phillips G3 

Dreamware software (bandpass filter 0.3Hz – 93.6Hz, sampling frequency 512Hz) in 30-s 

epochs in one of four stages of sleep (non-rapid eye movement stages 1, 2, or 3 [NREM1, 

Sleep spindles and slow oscillations predict cognition and biomarkers of neurodegeneration 
in mild to moderate Alzheimer’s Disease. 

 
 

 

 

 

 

 
 
ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale CVLT: California Verbal Learning Test, MMSE: Mini-mental 
state examination, NPI: Neuropsychiatric Index, ROCF: Rey–Osterrieth Complex Figure Test 
 

 

Figure 1: Study flow from baseline to 36 months 
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NREM2, NREM3], and rapid eye movement [REM]) following American Academy of Sleep 

Medicine (AASM) criteria294. 

 

2.2.2 Biomarkers 

The collection of CSF samples for biomarker analyses has been described previously286. 

Briefly, CSF samples were collected from participants in the morning, between 8:00 am and 

10:00 am, to avoid variations related to circadian rhythms. Samples were collected in 

polypropylene tubes, centrifuged at 2000 × g for 10 minutes at 4°C, immediately frozen, and 

stored within 4 hours in an −80°C freezer. The principal AD biomarkers, CSF Aβ42, total tau (t-

tau), and phosphorylated tau (pTau181) were measured using commercial kits (Innotest β-

Amyloid1-42; Innotest hTAU Ag; and Innotest Phospho-TAU181P, Fujirebio-Europe, Gent, 

Belgium). All measurements were performed in one round using one batch of reagents by 

board-certified laboratory technicians blinded to clinical data.  Intra-assay coefficients of 

variation were lower than 10% for internal quality control samples (two per plate). 

 

2.3 Data analyses 

2.3.1 Cognition 

For this present study, the results of the CVLT, ROCF, ADAS-cog, and MMSE were analysed to 

best capture to cognitive status and progression of cognitive decline in persons with mild to 

moderate AD. The ADAS-cog ,CVLT and ROCF were available for baseline and the 12-month 

follow-up. The MMSE was available for the baseline, 12, 24 and 36-month follow-ups. 

 

2.3.2 Polysomnography and EEG analysis 
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For the present study, participants’ sleep EEG records were processed  

using Wonambi v 7.11, an open-source Python software package developed at the Sleep, 

Cognition and Neuroimaging Laboratory (SCNLab) at Concordia University, Montreal 

(https://github.com/wonambi-python/wonambi). Participants’ previously scored EEGs were 

visually checked again by experienced sleep scorers (AP, SG, SB, OW) at the SCNLab, following 

AASM criteria294. 

 

We idenÄfied sleep cycles as those periods of sleep containing at least 15 minutes of  

NREM sleep and 5 minutes of REM sleep, except for the first sleep cycle, which could contain 

at least 1 minute of REM sleep295. We then reviewed the EEG sleep recordings for each 

parÄcipant in 30-s epochs to idenÄfy and tag microarousals, arÄfacts, or instances of poor 

EEG signal for exclusion from subsequent analyses.  Signal aberraÄons we targeted for 

removal included poor or dysfuncÄonal signal lasÄng greater than one 1 second (e.g. signal 

popping and flat lining)294, excessive muscle arÄfact or movement, micro-arousal acÄvity 

(sudden transient corÄcal acÄvaÄons during sleep and abrupt shiÅ in EEG frequency lasÄng 

longer than 3 seconds294), or periods in an epoch that contained a shiÅ to N1 or wakefulness. 

 

Automatic SO and sleep spindle event detection on EEG were performed using another in-

house software package developed at the SCNLab and run on Spyder (v5.3.3), an open-

source environment in Python. The in-house software directly incorporates functions from 

validated sleep spindle and slow wave detection methods.  Based on our review of literature 

for spindle and slow-wave activity in older adults, we undertook sleep spindle detection over 

two central channels (C3-A2 and C4-A1)32,148, and slow oscillations detection over the two 

frontal channels (F3-A3, F4-A1)296. 
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An algorithm developed by Staresina et al. 2015 was used to detect SO on channels F3 and F4 

during N2 and N346. Artifact-free EEG signals were filtered between 0.16 – 1.25Hz (zero-

phase infinite impulse response bandpass filter). The duration threshold for potential SOs 

was 0.8 – 2.0 sec for two successive positive-to-negative zero crossings, in filtered EEG 

signals. Following Staresina’s criteria, the event amplitude threshold for SOs meeting 

duration criteria was amplitudes exceeding the 75th percentile of trough-to-peak amplitude 

between two positive-to-negative zero crossings46. We also visually reviewed detected SO 

events to ensure that they were not false positives. 

 

Sleep spindles were detected during NREM2 and NREM3 (fixed bandwidth 9 – 16Hz) based 

on Mölle et al.’s (2011) algorithm40. We chose a 9-16hz bandwidth based on a review of 

literature for spindle characteristics in older adults, in MCI, AD, and other neurodegenerative 

disorders73,78,173,297–301. These disorders have been associated with greater declines in spindle 

characteristics and physiological changes than seen with increasing age78,151–153,298,299,302,303.  

We also wanted to capture slow spindle activity (9-12Hz)40,297,304 in our sample, given 

evidence age-related changes in slow spindle activity and their links with cognitive 

decline302,303. On artifact-free, filtered EEG signals in channels C3 and C4, the root mean 

square (RMS) was computed using a 0.2 sec sliding window, then further smoothed using 0.2 

sec moving average. Sleep spindles were identified when standard deviations of RMS values 

exceeded 1.5 for 0.5 – 3.0 sec. To manually check the accuracy of automatically detected SO 

and sleep spindle events, we visually inspected the identified sleep spindles with Wonambi, 

which highlighted the previously detected events on filtered EEG signals.  
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With these methods, we extracted data for sleep spindle count, density (/30 sec), mean  

duration (sec), peak-to-peak amplitude (μV), power (μV2), and peak power frequency (Hz), 

and slow oscillation (SO) density (/30 sec), mean duration (sec), peak-to-peak amplitude (μV), 

power (μV2), and peak power frequency (Hz) in NREM2 and NREM3. In this paper, we report 

data for spindle duration, density, and power, and SO duration, density, and amplitude in 

NREM2 and NREM3 combined. Data for NREM2 and NREM3 separately is available in the 

supplementary materials tables S1-S4.  

 

These characteristics were chosen for their associations with, and ability to predict, cognitive 

performance7,32,148,305.  For example, spindle and SO duration and density have been linked to 

cognitive decline and may be associated with CSF levels of biomarkers for neurodegeneration 

in healthy older adults32,51,173,175.  Spindle power has been identified as a predictor of 

cognitive performance in healthy older adults306. Results for the other spindle and SO 

characteristics, such as spindle or SO count or peak frequency, are available in the 

supplementary materials tables S1-S4.  

 

2.4 StaÄsÄcal analyses 

DescripÄve staÄsÄcs, including the mean and standard deviaÄon (SD) for parametric data, 

and median and interquarÄle range (IQR) for non-parametric data and differences in these 

between males, females, and persons with high (< 600 ng/l, or AΒ+307) or low (> 600 ng/l, or 

AΒ-) b-amyloid burden at baseline were calculated for parÄcipant characterisÄcs, sleep, AΒ42 

and tau biomarkers, and cogniÄon-neuropsychological test scores. The normality of 

distribuÄons were analysed using the Shapiro–Wilk test and visual inspecÄon of histograms 

and kernel density plots, which approximate the probability density of the variable. We 



 
  

 45 
 

expected that biomarker and cognition data may be right or left skewed rather than normally 

distributed, as may be expected in participants with mild to moderate AD117.  

 

2.4.1 Sleep microarchitecture and AD biomarkers 

We calculated raÄos of CSF pTau181/Aβ42 and total tau/Aβ42 to invesÄgate associaÄons 

between sleep, AD biomarkers, and cogniÄon308. These CSF biomarker raÄos have been 

associated with increased brain amyloid and show superior agreement with PET amyloid 

measures308.  They have also been shown to be a superior for predicÄng the risk and rate of 

clinical decline and progression to demenÄa in older adults at risk of AD than individual 

biomarkers308. 

 

Associations between slow oscillation (SO) and spindle (SP) metrics (e.g., duration, density, 

power) and CSF biomarkers (Aβ42, tau (t-tau, pTau181) and their raÄos pTau181/Aβ42 and 

total tau/Aβ42 ) at baseline were invesÄgated with generalized linear models (GLM) with 

Huber/White/Sandwich robust esÄmators of variance, reducing the influence of small, non-

zero values that may bias the results of linear regression, increasing robustness against non-

normally distributed error, and accounÄng for heteroskedasÄcity in residual distribuÄons309.  

 

The association between SO/SP metrics and biomarkers were modelled with one primary 

biomarker outcome variable (e.g. pTau181/Aβ42), sleep spindle or slow oscillation 

characteristics, and covariates for age (conÄnuous), sex (binary), and apnoea-hypopnea index 

(conÄnuous). Apnoea-hypopnea index (AHI) was included as a covariate in all analyses. The 

sample was drawn from a population of older adults with a high prevalence of OSA, and 

hypoxia severity has been associated with amyloid deposiÄon and increased risk of AD in 
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persons with OSA104. For every regression model, there were at least 10 parÄcipants per 

dependent variable or covariate in the model, avoiding over-fiÇng that may bias regression 

results. 

 

2.4.2 Sleep microarchitecture and cogniÄon 

The associations between SO/SP metrics in NREM2 and NREM3 and cognitive  

assessments, including the California verbal learning test (CVLT), Rey-Osterrieth Complex 

Figure Test (ROCF), Alzheimer’s Disease Assessment Scale–Cognitive Subscale (ADAS-Cog) 

and MMSE were conducted cross-sectionally (baseline) with GLM and 

Huber/White/Sandwich robust esÄmators of variance. Longitudinal analyses from baseline to 

12 months for the CVLT, ROCF, ADAS-cog and baseline to 12, 24, 36 months for the MMSE 

were also conducted with GLM, adjusting for baseline scores. The odds of decline in MMSE 

scores per unit change in a spindle or SO metric of interest was calculated with the odds raÄo 

of a decline in MMSE from baseline to 36 months.  

 

In all regression models, we checked for mulÄcollinearity among sleep spindle and SO  

characterisÄcs with the variance inflaÄon factor (VIF), maintaining VIF at <2 for all models (no 

to low correlaÄon)310. The normality of regression residuals was assessed with Shapiro–Wilk 

tests. Only the residuals for pTau181/Aβ42 were non-parametrically distributed. We visually 

re-inspected the data for pTau181/Aβ42 and used Tuckey’s Ladder of Powers to idenÄfy the 

most appropriate transformaÄon for that outcome variable. We applied a square root 

transformaÄon to pTau181/Aβ42, and re-ran the regression model with the transformed 

variable, yielding normally distributed residuals. We corrected for mulÄple comparisons in all 

regression analyses with a Benjamini-Hochberg False Discovery Rate311.  
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2.4.3 ModeraÄon and mediaÄon analyses were undertaken to explore whether there are 

mediating or moderating roles for biomarkers in the relationship between spindle and slow 

oscillation activity and cognitive performance, or a moderating or mediating role for spindle 

and slow oscillation activity in the relationship between biomarkers and cognitive 

performance. These exploratory analyses were carried out in STATA using Sobel-Goodman 

Tests of mediation. following Preacher and Hayes’ recommendations312. For moderation 

analyses, we ran GLM regression models with interaction terms. We explored these with the 

MMSE, ADAS-cog, CVLT and ROCF at baseline and follow-up periods and the pTau181/Aβ42 

ratio, given its associations with AD progression and superiority in for predicÄng clinical 

decline and progression to demenÄa than individual biomarkers308. 

 

3. Results 

The 60 participants (30 female) in this study had a mean age of 74.7 at baseline. There were 

no significant differences between males and females in age, body-mass index (BMI), 

educational attainment, prevalence of diabetes, depression, or obstructive sleep apnoea 

(table 1).  Participants with Aβ42<600 pg/ml at baseline had a higher prevalence of OSA than 

participants with Aβ4>600 pg/ml (supplementary materials, table S5). Participants had a 

median Aβ42 of 516 pg/ml, and no statistically significant differences between males and 

females in Aβ42 CSF or tau levels or ratios of Aβ42 to tau.  No statistically significant 

differences were found between males and females on the Cornell Scale for Depression in 

Dementia or NPI. 
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Sample Male (n=30) Female (n=30) Total (n=60) p value 
Age 75.5 ±5.0 74.0 ±5.0 74.7 ±5.0 0.26 
body mass index (bmi) 27 (24-29) 28 (24-32) 27 (24-32) 0.71 
Depression 6 (20.0%) 12 (40.0%) 18 (30%) 0.09 
Diabetes 7 (23.3%) 3 (10%) 10 (16.7%) 0.17 
education (≥ high school) 5(16.7%) 5(16.7%) 10 (16.7%) 1.00 
     0: no formal education 2 (6.7%) 2 (6.7%) 4(6.7%)  
     1. Primary school 23 (76.7%) 23 (76.7%) 46(76.7%)  
     2. High school 4 (13.3%) 4 (13.3%) 8 (13.3%)  
     3. University 1 (3.3%) 1 (3.3%) 2 (3.3%)  
Smoking history 11(36.7%) 2 (6.7%) 41(68.3%) 0.005 
     0. never 19 (63.3%) 28 (93.3%) 47 (78.3%)  
     1. current 2 (6.7%) 0 (0.0%) 2 (3.3%)  
     2. former (>6 months ago)  9 (30.0%) 2 (6.7%) 11(18.3%)  
Obstructive sleep apnea (OSA)  24 (96.0%) 23 (88.5%) 47(78.3%) 0.25 
Apnea hypoxia index (n/hrTST) 38.14 ±23 29.24 ±22.8 33.7 ±23.14 0.14 
     0-4.9 1 (3.3%) 2 (6.7%) 3 (5%)  
     5-14.9  4 (13.3%) 7 (23.3%) 11 (18.33%)  
     15-30 9 (30.0%) 10 (33.3%) 19 (31.67%)  
     ≥ 30 16 (53.3%) 11 (36.7%) 27 (45%)  
AD Drugs  26 (86.7%) 27(90%) 53 (88.3%) 0.69 
     None 4 (13.3%) 3 (10%) 7 (11.7%)  
     Rivastigmina 9 (30%) 9 (30%) 18 (30%)  
     Donepezil 17 (56.7%) 15 (50%) 32 (53.3%)  
     Memantine 0 3 (10%) 3 (5.8%)   
CSF values-biomarkers (pg/ml)     
Beta-amyloid (Aβ42) 506 (417-609) 532 (398-627) 516 (411-618) 0.62 
Phosphorylated tau (pTau181)  61 (48-98) 90 (54-103) 82 (50-100) 0.90 
Total tau 487.4 ±287.7 599.2 ±276.5 543.3 ±285.0 0.16 
PTau181/ Aβ42 ratio  0.14 ±0.07 0.17 ±0.08 0.16 ±0.74 0.25                  
Total-tau/ Aβ42 ratio pg/ml 0.87 (0.52-1.34) 1.10 (0.70-1.63) 0.96 (0.55-1.48) 0.27 
Cognition     
ADAS-cog total score 28 (26-32) 29 (25-31) 29 (25-31) 0.89 
MMSE 23.4 ±2.3 23.0 ±2.4 23.2 ±2.4 0.55 
Neuropsychiatric     
Cornell Scale (CSDD) 7 (2-11) 6 (3-11) 7 (3-11) 0.93 
Neuropsychiatric Index  (NPI) 4 (0-11) 8 (3-13) 6 (2-12) 0.51 

 

Table 1: Participants’ characteristics at baseline 

 

Participants had a mean total sleep time of 260.4 minutes (±89.9) and a median sleep 

efficiency of 67% (IQR 48-80) (table 2). There were no significant differences between males 

and females (table 2) or amyloid positive vs amyloid negative participants in (mean) total 

sleep time, sleep efficiency, or time spent in NREM2 sleep (supplementary material tables 

S6). However, females spent more time than males in NREM3. Females had statistically 

significantly higher spindle density (per 30 second epoch), power (109 μV2) and higher 
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median peak spindle frequency (11.24hz) than males (table 2 and supplementary material 

table S7). Participants had a mean slow oscillation density of 2.7 (±0.9) per 30 second epoch, 

median SO duration of 1 second (IQR 1-2), and SO amplitude of 108 μV (IQR 81-156).  There 

were no statistically significant differences in SO between males and females (table 2 and 

supplementary table S7) or in spindle or SO activity between by sex and amyloid status 

(supplementary table S8).  

 

 Male (n=30) Female (n=30) Total (n=60) p  
Sleep architecture     
Total sleep time (min) 247.2 ±93.5 273.6 ±85.6 260.4 ±89.9 0.26 
Total time in bed (min) 423 (391-447) 419 (400-443) 421 (392-446) 0.63 
Sleep efficiency (%) 60 (44-80) 69 (50-78) 67 (48-80) 0.38 
Sleep onset latency (min) 17 (9-33) 27 (14-68) 23 (11-57) 0.35 
Wake after seep onset (min) 131 (66-179) 83 (54-136) 101 (58-161) 0.11 
NREM 1 duration (min) 70.1 (47-80.5) 44.25 (27.5-57) 51 (35.5, 78.25) 0.01 
NREM2 duration (min) 86 (63-120) 105 (85-154) 92 (69-138) 0.25 
NREM3 duration (min) 43 (24-78) 84 (38-106) 60 (28-91) 0.03 
N2+N3min/TST (%) 55.6 ±18.2 68.6 ±17.1 62.1 ±18.7 0.006 
REM duration (min)  27 (14-42) 26 (15-46) 26 (14-44) 0.83 
NREM1 (% of total sleep time) 30 (23-42) 16 (8-22) 22 (10-34) 0.007 
NREM2 (% of total sleep time) 37.3 ±14.7 40.8 ±13.3 39.0 ±14.0 0.35 
NREM3 (% of total sleep time) 16 (10-26) 30 (15-39) 23 (14-36) 0.008 
REM (% of total sleep time) 10 (7-16) 11 (5-16) 10 (6-16) 0.94 
Sleep spindle (SP)  Male (30) Female (30) Total (60) p  
NREM2+NREM3     
SP density  0.4 ±0.3 0.7 ±0.3 0.5 ±0.3 0.002 
SP duration 0.7 ±0.1 0.7 ±0.1 0.7 ±0.1 0.32 
SP power  251 (151-300) 280 (211-404) 254 (187-374) 0.54 
Slow Oscillations (SO) Male (30) Female (30) Total (60) p  
NREM2+NREM3     
SO density  2.6 ±1.0 2.7 ±0.8 2.7 ±0.9 0.62 
SO duration  1 (1-2) 1 (1-2) 1 (1-2) 0.31 
SO ptp amplitude  107 (83-144) 116 (80-175) 108 (81-156) 0.66 

NREM: Non-rapid eye movement sleep. REM: Rapid eye movement sleep. ptp: peak to peak 

Table 2: Sleep architecture at baseline 

 

At baseline, participants had a mean MMSE score of 22.9 ±2.4, median ADAS-cognition 

subscale total score of 29 (25-31), and no significant differences between males and females 

in all of the cognitive tests, save for a higher score among males in Rey-Osterrieth long-term 

visual memory (table 3).  At follow-up, both males and females had decreased cognitive 
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performance and MMSE scores at 12, 24, and 36 months compared to baseline, with males 

showing a greater decline in cognitive performance on the MMSE by 36 months, though the 

difference between males and females’ performance was not statistically significant (table 3). 

There were no statistically significant differences between males and females in ADAS-Cog 

total scores and short or long-term verbal memory (CVLT). However, females had statistically 

significantly poorer performance and greater decline in short and long-term visual memory 

on the ROCF short and long-term visual memory test at baseline and 12 months than males. 

Males had higher long-term visual memory scores (ROCF) at 12 months than females. 

Cognition by amyloid status (positive vs negative) can be seen in supplementary materials 

table S9. 

 
full sample Male (n=30) Female (n=30) Total (n=60) p value 
Mini mental stage exam (MMSE)     
Baseline 23.4 ±2.3 23.0 ±2.4 23.2 ±2.4 0.55 
12 months 23.0 ±2.8 21.5 ±3.9 22.3 ±3.5 0.01 
24 months 20.8 ±3.6 20.0 ±3.8 20.4 ±3.7 0.49 
36 months 19.1 ±5.4 18.7 ±4.2 18.9 ±4.7 0.84 
Change from baseline to 12 months -0.18 ±2.61 -1.41 ±2.71 -0.81 ±2.71 0.09 
Change from baseline to 24 months -2.17 ±3.27 -2.90 ±3.18 -2.52 ±3.21 0.46 
Change from baseline to 36 months -4.46 ±4.97 -3.84 ±3.88 -4.12 ±4.34 0.74 
ADAS-cog     
total score at baseline 28 (26-32) 29 (25-31) 29 (25-31) 0.89 
total score 12m 27.7 ±8.4 29.3 ±7.8 28.5 ±8.1 0.44 
delayed memory (item 4) baseline 10 (8-10) 10 (8-10) 10 (8-10) 0.38 
delayed memory (item 4) at 12 months 9 (8-10) 9 (8-10) 9 (8-10) 0.83 
California Verbal Learning Test     
Short-term verbal memory, base -2 (-2, -1) -2 (-2, -1) -2 (-2, -1) 0.83 
Short-term verbal memory 12 months -1.6 ± 0.79  -1.8 ± 1.0 -1.7 ± 0.91 0.44 
Long-term verbal memory, base -1.8 ±.1.0 -1.8 ±1.33 -1.79 ±1.33 0.82 
Long term verbal memory  12 months -1.8 ±0.8 -2.1 ±1.3 -2.0 ±1.1 0.23 
Rey–Osterrieth     
Long-term visual memory, base 5.5 (3.5-8.5) 2 (2-5) 5 (2-7) 0.02 
long-term visual memory 12 months  6 (2-7.5) 2 (2-6) 4 (2-7) 0.23 
Copy-recall, baseline 8 (5-10) 7 (3-9) 7 (3-10) 0.9 
Copy-recall 12 months  6 (2-9) 6 (3-8) 6 (2-8) 0.48 

 
ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale  CVLT: California Verbal Learning Test,  MMSE: Mini-mental state 
examination, ROCF: Rey–Osterrieth Complex Figure Test 

Table 3: Change in cognition from baseline to 12, 24, 36 months 

3.1 Biomarkers and cognition 
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Adjusted for age, sex, and AHI, only the ratio of pTau181/aβ42 at baseline predicted cognitive 

 performance (table 4). One unit increase in pTau181/aβ42 ratio predicted a statistically 

significant decrease in MMSE scores at 12 months (β= -13.33, 95%CI: -24.39 -2.26) and 24 

months (β= -17.81 95%CI: -30.17 -5.45). No biomarker or biomarker ratio predicted cognitive 

performance on the ADAS-cog at baseline or 12 months follow-up. 

 

 

 

 
 

 

 

 

 

Aβ42: Beta-amyloid,  ptau181: phosphorylated tau, ADAS-cog: Alzheimer’s Disease Assessment Scale, MMSE: Mini Mental State Ex. 

Table 4: AD biomarkers and cognitive performance at baseline, 12, 24 and 36 months 
 

3.2 Sleep and cognition  

We found that spindle metrics predict cognitive performance on the Alzheimer’s Disease 

Assessment Scale-Cognitive Subscale (ADAS-Cog) total score at baseline and 12 months 

follow-up (table 5). A unit increase in spindle density predicted a 9 point decrease in ADAS-

Cog total score at baseline (β= -9.0, p=0.001) and at 12 months (β= -8.64, p=0.001) (figure 2).  

One unit increase in spindle power also predicted decreased ADAS-Cog scores at baseline (β= 

-0.03, p=0.002) and 12 months (β= -0.02, p=0.009). Spindle duration predicted a large 

decrease of 28 points on the ADAS-cog at baseline (β= -27.6, p=0.03) and a 29 point decrease 

  MMSE base       MMSE 12m     
Biomarker coef p 95% low upper coef p lower upper 
aβ42 0.00 0.59 -0.003 0.01 0.00 0.92 -0.007 0.01 
pTau181 0.01 0.07 -0.001 0.02 -0.00 0.87 -0.02 0.01 
total-tau -0.05 0.93 -1.2 1.21 -1.18 0.12 -2.65 0.29 
pTau181/aβ42 -5.79 0.12 -13.11 1.53 -13.33 0.02 -24.39 -2.26 
total-tau/aβ42 0.00 0.86 -0.003 0.00 -0.00 0.05 -0.006 0.000 
  MMSE 24 months     MMSE 36 months     
aβ42 0.00 0.13 -0.001 0.01 -0.00 0.86 -0.01 0.01 
pTau181 0.01 0.59 -0.01 0.02 0.004 0.60 -0.01 0.02 
total-tau -1.06 0.33 -3.17 1.06 0.44 0.73 -2.04 2.93 
pTau181/aβ42 -17.81 0.01 -30.16 -5.45 -18.23 0.13 -42.07 5.62 
total-tau/aβ42 -0.003 0.21 -0.008 0.002 0.00 0.94 -0.006 0.006 
  ADAS total score base     ADAS-total score 12 m     
aβ42 -0.01 0.37 -0.02 0.01 -0.001 0.91 -0.02 0.01 
pTau181 -0.01 0.46 -0.05 0.02 -0.01 0.51 -0.05 0.02 
total-tau 0.01 0.07 -0.001 0.02 0.01 0.10 -0.001 0.02 
pTau181/aβ42 26.79 0.06 -0.68 54.26 21.03 0.21 -12.06 54.13 
total-tau/aβ42 2.94 0.19 -1.42 7.30 2.31 0.29 -1.96 6.57 
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at 12 months (β= -29.5, p=0.028), but these did not survive FDR correction (table 5, and 

supplementary materials figure S1). Neither SO density, duration, nor amplitude predicted 

ADAS-Cog total score at baseline or 12 months. 

 

Spindle duration, density, and power also predicted increased cognitive performance on the 

Mini Mental State Examination (MMSE) MMSE at baseline, 12, 24 and 36 months (table 5). 

Spindle density predicted 4-8 point increases in MMSE score at baseline, 12, 24, and 36 

months, with the largest increase predicted by spindle density at 36 months (β= 7.85, 

p=0.003) (figure 2). One unit increase in spindle density at baseline was also associated with a 

98.7% lower odds of decreased cognitive performance on the MMSE at 36 months (OR 0.013, 

95%CI: 0.001, 0.29), even after adjusting for age, sex, and AHI at baseline.  Spindle duration 

also predicted increased MMSE scores at 12 months (β= 15.2, p=0.01), 24 months (β= 22.92, 

p=0.02) and 36 months (β= 34.9 p=0.003) (table 5 and supplementary materials figure S1), 

while spindle power predicted small increases in MMSE scores at baseline,12, and 36 months 

(table 5). Slow oscillation duration was associated with decreased MMSE scores at 24 months 

(β= -25.4, p<0.001) and 36 months (β= -2.91, p= 0.001) (table 5 and supplementary materials 

figure S2).   

 

Spindle density and power predicted increased performance on the Copy condition of the 

ROCF copy-figure test at baseline and 12 months that were statistically significant but did not 

survive FDR correction (table 5).  Spindle duration predicted a statistically significant increase 

in long-term visual memory (β=3.34 p=0.016) on the ROCF. However, analyses of spindle and 

SO metrics (density, duration, power, amplitude) in NREM2 alone (supplementary materials 

table S4) found that spindle density also predicted higher Rey copy figure score (β=3.88 
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p=0.017) ROCF long-term visual memory tests at baseline (β=0.67 p=0.019), and long-term 

visual memory at 12 months (β=2.13 p=0.02). Slow oscillation amplitude and density in 

NREM3 also predicted greater performance on the copy-figure test at 12 months, while SO 

duration predicted increased long-term visual performance at 12 months (supplementary 

materials table S4). 

 

On the California Verbal Learning Test, spindle duration predicted increased short  

term verbal memory performance (β=0.65 p=0.01), while spindle power (β=0.001 p=0.006) 

and SO density (β=0.33 p=0.008), predicted small but statistically significant increases in long-

term verbal memory performance at 12 months. Slow oscillation duration predicted 

decreased long-term verbal memory performance at 12 months (β=-3.44 p=0.028), but it did 

not survive FDR correction.  As with the ROCF, analyses of spindle duration, density and 

power in NREM2 alone, and SO metrics in NREM3 alone also resulted in statistically 

significant increases in short and long-term memory performance on the CVLT 

(supplementary materials table S4). 
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  ROCF copy baseline                     ROCF copy 12 month             ROCF Long term visual memory baseline 

Spindles  coef SE p  95%CI low   up    coef SE p  95%CI low  up  coef   SE p  95%CI low    up   
SP duration  2.24 1.30 0.08 -0.30       4.79 -0.02 1.20 0.99 -2.36 2.33 3.34 1.39 0.01 0.62 6.07 

SP density 3.63 1.73 0.03 0.24 7.02 0.36 0.25 0.16 -0.14 0.85 0.36 0.28 0.19 -0.18 0.91 

SP energy 0.00 0.00 0.72 0.00 0.00 0.001 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.00 

SO                              
SO duration  -11.0 8.57 0.2 -27.8 5.81 -10.37 5.56 0.06 -21.3 0.52 -0.32 0.81 0.69 -1.91 1.26 

SO density -0.83 0.58 0.15 -1.97 0.31 0.41 0.52 0.43 -0.60 1.42 -0.07 0.11 0.53 -0.28 0.14 

SO ptp 
amplitude 

-0.01 0.01 0.48 -0.03 0.01 0.00 0.01 0.94 -0.02 0.02 0.00 0.00 0.09 -0.01 0.00 

  MMSE 12 months     MMSE 24 months                    MMSE 36 months              
Spindles   coef SE p 95%CI low up    coef SE p 95%CI low   up  coef SE p  95%CI  low         up  
SP duration  15.2 5.77 0.011 3.53 26.91 22.92 10.07 0.020 3.19 42.65 34.9 11.74 0.003 11. 87 57.91 

SP density 4.2 1.32 0.001 1.61 6.78 5.02 1.74 0.004 1.61 8.42 7.85 2.21 0.000 3.52 12.18 

SP energy 0.02 0.00 0.001 0.01 0.02 0.00 0.00 0.681 0.00 0.01 0.03 0.01 0.02 0.004 0.046 

SO                              
SO duration  -5.44 5.91 0.357 -17.03 6.14 -25.38 6.89 0.000 -38.9 -11.87 -1.45 0.48 0.01 -2.59 -0.35 

SO density -0.78 0.75 0.296 -2.25 0.69 0.65 0.78 0.403 -0.88 2.19 0.07 0.58 0.317 -0.07 0.22 
SO ptp 
amplitude 0.05 0.02 0.034 0.00 0.10 -0.02 0.01 0.144 -0.04 0.01 -0.00 0.00 0.105 -0.07 0.006 

  ROCF Long term visual memory 12m  CVLT Long term verbal mem baseline  CVLT Long term verbal memory 12m  

Spindles   coef SE p 95%CI low   up   coef   SE  p  95%CI low  up  coef   SE p  95%CI low  up   
SP duration  -3.76 7.23 0.6 -17.94 10.41 -0.54 3.11 0.86 -6.63 5.56 2.34 1.88 0.21 -1.34 6.03 

SP density 2.04 1.03 0.04 0.02 4.06 0.29 0.47 0.54 -0.63 1.22 0.68 0.34 0.04 0.02 1.34 

SP energy 0.00 0.00 0.58 0.00 0.01 0.00 0.00 0.56 0.00 0.00 0.001 0.00 0.01 0.00 0.00 

SO                              

 3 

 
Results in green are statistically significant. Results in bold remain statistically significant after False Discovery Rate correction for multiple comparisons. 
 
Table 5: GLM regression results, sleep spindle (central channels) and slow oscillation (SO) (frontal channels), biomarkers and 
cognition. 

SO duration  -7.80 8.23 0.34 -23.94 8.33 1.23 1.85 0.51 -2.40 4.85 -3.44 1.56 0.03 -6.51 -0.38 

SO density 0.00 0.00 0.2 -0.01 0.00 -0.04 0.24 0.87 -0.52 0.44 0.33 0.13 0.01 0.09 0.58 

SO ptp 
amplitude 

-0.01 0.01 0.12 -0.03 0.00 0.00 0.00 0.89 -0.01 0.01 0.00 0.00 0.62 -0.01 0.00 

 1 

 
Biomarkers aβ42     pTau181     tTau    

 

Spindles coef SE p 95%CI low  upper  coef SE p 95%CI low up  coef SE p 95%CI low  upper  
 
SP duration  238.99 571.31 0.676 -880.8 1,358.7 8.25 2.15  0.001 4.04 12.45 391.37 738.72 0.596 -1,056.5 

 
1,839.2 

SP density  87.64 63.79 0.169 -37.39 212.68 1.44 1.76  0.412 -2.01 4.89 -120.7 158.17 0.445 -430.72 189.31 
SP energy 0.250 0.08 0.003 0.09 0.41 -0.01 0.01  0.414 -0.02 0.01 -0.30 0.42 0.472 -1.13 0.52 

SO                       
SO duration -706.7 326.58 0.030 -1,346.7 -66.58 -5.80 5.24  0.268 -16.1 4.46 -151.9 418.95 0.717 -973.1 669.19 
SO density 69.33 20.29 0.001 29.56 109.11 -0.03 0.07  0.659 -0.17 0.11 -0.047 0.09 0.589 -0.22 0.12 
SO ptp 
amplitude 0.006 0.39 0.989 -0.76 0.77 -0.02 0.02  0.410 -0.06 0.02 0.349 1.10 0.751 -1.81 

 
2.51 

 tTau/aβ42     pTau/aβ42          
Spindles  coef SE p     95%CI low  upper 

 
coef  SE p 95%CI low upper        

SP duration  0.507 1.07 0.64 -1.589 2.603 -0.443 0.39 0.261 -1.22 0.33        
SP density  -0.096 0.15 0.53 -0.397 0.204 -0.081 0.03 0.009 -0.14 -0.02      
SP energy -0.001 0.00 0.05 -0.001 0.000 -0.010 0.00 0.012 -0.01 0.00      
SO                          
SO duration  0.251 0.54 0.64 -0.811 1.31 0.170 0.19 0.37 -0.20 0.54      
SO density -0.005 0.07 0.94 -0.142 0.13 -0.032 0.02 0.07 -0.07 0.00      
SO ptp 
amplitude -0.0001 0.00 0.96 -0.002 

 
0.002 0.0002 0.00 0.4 0.00 0.00      

Cognition ADAS-cog base    ADAS-cog 12 months    
MMSE base     

Spindles coef SE p   95%CI low     up coef SE p 95%CI low upper coef SE p 95%CI low upper 
SP duration  -27.60 12.84 0.032 -52.76 -2.44 -29.45 13.39 0.03 -55.70 -3.21 8.85 6.56 0.177 -4.00 21.70 

SP density -9.0 2.70 0.001 -14.29 -3.7 -8.64 2.41 0.001 -13.37 -3.91 3.24 0.94 0.001 1.41 5.08 

SP energy -0.03 0.01 0.002 -0.04 -0.01 -0.02 0.01 0.01 -0.03 0.00 0.01 0.00 0.011 0.00 0.01 

SO                               
SO duration  25.83 11.83 0.029 2.64 49.01 6.78 11.75 0.56 -16.25 29.81 -5.34 4.83 0.268 -14.80 4.12 

SO density -0.08 1.58 0.959 -3.17 3.01 -0.27 1.22 0.83 -2.67 2.13 -0.34 0.34 0.317 -1.02 0.33 
SO ptp 
amplitude 0.007 0.02 0.757 -0.04 0.05 0.04 0.02 0.08 0.00 0.08 0.03 0.01 0.037 0.00 0.06 
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        ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale  MMSE: Mini-mental State Examination  
 

 

 

3.3 Sleep and biomarkers 

One unit increase of spindle power statistically significant predicted increased CSF Aβ42 (β= 

0.25 p=0.003) at baseline (table 5). Slow oscillation density also predicted a significant 

increase in Aβ42 (β= 69.33 p=0.001).  Spindle duration predicted increased CSF 

Phosphorylated tau (pTau181) (β= 7.92, p =0.001 (table 5).  Spindle density (β= -0.08 p=0.01) 

Sleep spindles and slow oscillations predict cognition and biomarkers of neurodegeneration 
in mild to moderate Alzheimer’s Disease. 

 
 

 

  
Spindle density and ADAS-cog at baseline and 12 months 

 

   

  
Spindle density and MMSE scores at baseline, 12, 24, and 36 months 

 

 

Figure 2: Spindle density predicts cognitive performance on the ADAS-Cog and 
MMSE 
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and power (β= -0.01 p=0.01) also predicted decreased pTau181/Aβ42. Exploratory analyses 

of spindle metrics in NREM2 only and SO in NREM3 only (supplementary materials table S1) 

found several statistically significant associations with Aβ42 (e.g. SO density= β 56.34, 

p=0.001), pTau181/Aβ42 ratio (SO duration, density and amplitude) and total-tau/Aβ42 (e.g. 

SO density β= -0.52, p=0.001). 

 

A number of statistically significant associations between spindle and SO metrics and tau 

biomarkers were also found among persons who were amyloid-positive (CSF Aβ42 of <600 

mg/pl) at baseline (supplementary material table S1). For example, slow oscillation density 

predicted increased CSF Aβ42 (β= 29.43, p= 0.01) and density (β= 42.73, p=0.005), while SO 

duration predicted CSF pTau181 (β= -12.51, p=0.02) and total tau (β= 4.05, p=0.01).  Spindle 

duration, density and energy also predicted biomarker levels in persons who were amyloid 

positive at baseline.  

 

3.4 Mediation and moderating variables 

3.41 Sleep spindles and slow oscillations mediate the effect of pTau181/aβ42 on 

cognition 

Sleep spindle activity had a significant mediating effect on the relationship between 

pTau181/aβ42 and cognitive performance on the MMSE and ADAS-cog (figure 3).  Spindle 

density mediated 41% of the total effect of pTau181/aβ42 on MMSE scores (indirect effect 

69.4% of the direct effect) and spindle density mediated 59% of the total effect of 

pTau181/aβ42 on ADAS-cog scores. This suggests that a large part of the effect of 

pTau181/aβ42 on cogniÄon may be due to the mediaÄng role of spindles.  
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Slow oscillation duration had a significant mediating effect on the relationship between 

pTau181/aβ42 and cognitive performance on the MMSE. The pTau181/aβ42 ratio had a 

significant negative effect on MMSE scores which is suppressed by SO duration.  The 

proporÄon of the total effect that was mediated by SO duraÄon is -0.820, indicaÄng a 

suppression effect. The raÄo of the indirect to direct effect was -0.450, suggesÄng a 

significant mediaÄng role and pathway for SO duraÄon in the relaÄonship between 

pTau181/aβ42 raÄo and MMSE scores. 

 

3.42 PTau181/aβ42 moderates the effect of spindles and slow oscillations on cognition 

Sleep spindles and slow oscillations predict cognition and biomarkers of neurodegeneration 
in mild to moderate Alzheimer’s Disease. 

 
 

 

 

a 

  

b 

 

Figure 3: Spindle and SO activity mediates the effect of pTau181/aβ42 on cognition 

(a), while pTau181/aβ42 ratio moderates the effects of spindle and SO 

characteristics on cognition (b). 
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PTau181/aβ42 had a moderating, but not mediating, effect on the relationship between 

sleep spindles and cognition (figure 3). There were statistically significant interactions 

between pTau181/aβ42 and spindle density and power on the ADAS-cog, CVLT long-term 

verbal memory, MMSE, and ROCF long-term visual memory and copy-figure scores.  For 

example, the effect of increased spindle density on MMSE scores (β 35.02 p=0.001), CVLT 

long-term memory at 12 months (β 16.4 p=0.001), ROCF long-term visual memory (β 16.4 

p=0.001) and Copy-Figure (β 62.0 p=0.03) increases as pTau181/aβ42 ratio increases. The 

effect of spindle power on ADAS-cog scores increased as pTau181/aβ42 increased (β 0.20 

p=0.013).  

 

Conversely, pTau181/aβ42 had a statistically significant (p=0.008), negative moderating 

effect on the relationship between spindle duration and power on CVLT long-term verbal 

memory (power β -0.15, p=0.001), MMSE (duration β -269.7, p=0.01, power β -0.2, 

p=0.0001), and ROCF long-term visual memory (duration β -172.6 p=0.006, power β -0.9, 

p=0.003) and Copy-Figure (β -172.7 p=0.006) scores. The effect of spindle duration or power 

on MMSE scores decreases as pTau181/aβ42 increases.  PTau181/aβ42 also had a 

moderating effect on the relationship between spindle duration and power and ADAS-cog 

scores at 12 months. For example, the effect of increased spindle power on ADAS scores at 

12 months increases as pTau181/aβ42 ratio increases.  

 

PTau181/aβ42 had a statistically significant moderating effect on the effects of SO on 

cogniÄon scores.  For example, pTau181/aβ42 had a significant and addiÄve moderaÄng 

effect on the effects of SO duraÄon on ADAS-cog score (β 81.1, p=0.01), SO density on the 

Rey Copy-figure test (β 15.3, p=0.002) and SO amplitude on the MMSE (β 2.68, p=0.005). The 
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effects of SO density, and amplitude on cognition increased with higher levels of 

pTau181/aβ42.  

 

4. Discussion 

Spindle and SO activity at baseline predicted key biomarkers for AD and cognitive 

performance from baseline through 36 months.  We also found associations between spindle 

characteristics, biomarkers, and cognition in persons with AD previously unreported, to the 

best of our knowledge. Our findings have important implications for clinical care in early 

stages of AD and the development of sleep-based treatment strategies to delay AD 

progression9,163.  Delaying the onset of clinical symptoms by just 5 years may reduce 

treatment costs by 40% and add 2.7 additional life years (5 disease-free years) for persons 

with AD176. 

 

Spindle density had previously been shown to predict better cognitive performance in 

healthy older adults, but not long-term cognitive performance in persons with 

AD7,51,151,152,173.  We found that increased spindle density predicted large, clinically significant 

decreases in ADAS-Cog scores at baseline and 12 months (>10 points), and higher MMSE 

scores from baseline through 36 months (3-5 points) in persons with mild-to-moderate AD.  

Lower ADAS-cog scores indicate better cognitive performance, while higher MMSE scores are 

associated with better cognition. Changes of ≥4 points on the ADAS-cog and ≥3 points on the 

MMSE are clinically important289. The ADAS-Cog also assesses cognitive and behavioural 

domains most affected by AD and is a gold standard for assessing the efficacy of treatments 

targeting dementia288.  
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Most research has investigated the effects of spindle density, not duration or power, on 

cognition or disease progression in AD32. We found higher spindle duration and power also 

predicted better cognitive performance over time in persons with AD. Spindle duration 

predicted increased MMSE scores at 12, 24, and 36 months (15-34 points). Increased spindle 

density and duration were also associated with significantly lower odds of decreased 

cognitive performance on the MMSE at 36 months. 

 

Sleep spindles play important roles in cognition, memory consolidation, and synaptic 

plasticity during sleep39–41.  Spindles are parÄcularly involved in the transfer of informaÄon 

from short-term memory in the hippocampus to long-term memory in the neocortex that is 

criÄcal for both declaraÄve and procedural memory39–41. Higher spindle acÄvity has been 

linked with beçer cogniÄve performance7. The synchronisation (cross-frequency coupling) of 

NREM SO and spindles also plays an important role in sleep-related memory consolidation in 

older adults40,50. 

 

However, spindle density, duraÄon, frequency, and cross-frequency coupling decrease with 

normal ageing and are associated with the cognitive decline and impaired memory 

experienced by older adults7,39. Greater reductions in spindle density and duration are found 

in MCI and AD78,151–153.  This may be due to several factors143.  Spindle density is sensiÄve to 

prior learning experience, which may be reduced in persons with AD173. AddiÄonally, 

physiological changes associated with AD progression reduce synapÄc and dendriÄc integrity 

and lead to neuronal hyperexcitability and hypersynchronous network acÄvity, impairing 

sleep spindle generaÄon and memory consolidaÄon161.  Alzheimer’s pathology can also drive 
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neuronal degeneraÄon in areas crucial for sleep regulaÄon, spindle acÄvity, or memory 

consolidaÄon, such as cholinergic neurons in the basal forebrain or noradrenergic neurons in 

the locus coeruleus100.  CorÄcal atrophy and loss of grey maçer volume in the hippocampus, 

praecuneus, amygdala, and cingulate gyrus may also be associated with declines in spindle 

and SO acÄvity31.  

 

The accumulaÄon of pTau and aβ may also influence reducÄons in spindle acÄvity and 

cogniÄon in older adults10,51.  Tau plays a leading role in the formaÄon of neurofibrillary 

tangles(NFT) that are hallmarks of AD and are strongly correlated with cogniÄve decline9. 

During early AD, pTau181 accumulates in areas associated with arousal and sleep regulaÄon 

and may play a role in sleep-wake disrupÄons, disrupÄng spindle acÄvity and impairing 

memory consolidaÄon159.  Tau pathology in the medial temporal lobe is associated with 

reducÄons in hippocampal ripples and the synchronizaÄon of spindle-ripple events, also 

impairing memory consolidaÄon during sleep160.  

 

Both spindle density and tau in the brain have been associated with cogniÄon in older  

adults, but liçle research had invesÄgated their associaÄons in persons already showing 

clinical AD symptoms32.  We found that spindle activity was associated with, and predicts, CSF 

pTau181, tTau, Aβ42, and cognitive performance in persons with AD.  These is important, 

given the significant correlaÄons between tau accumulaÄon, neurodegeneraÄon, cogniÄve 

impairment, and demenÄa in AD9,160.  

 

Few studies had invesÄgated the associaÄon between spindles and Aβ42 accumulaÄon in 

AD34,35,135,136,143,171,172,313. We found that spindle acÄvity predicted Aβ42, pTau181/Aβ42, and 
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tTau/Aβ42. In fact, we found that spindle acÄvity more frequently predicted Aβ42, tau, and 

cogniÄve performance than SO. Nevertheless, SO density predicted a significant increase in 

Aβ42 at baseline and greater long-term verbal memory performance on the CVLT. Slow 

oscillation duration also predicted decreased CSF-pTau181 and increased performance on 

the ROCF.  

 

An unexpected finding was that longer SO duration predicted reduced long-term verbal 

memory at 12 months (CVLT) and poorer MMSE scores at 24 and 36 months. Previous 

research correlated reduced SWA with increased cognitive impairment in older adults314.  

Our findings may be driven by AD-related sleep impairments leading to longer depolarisation 

during SWS and reduced cognitive performance over time. Increased SO duration was also 

associated with lower CSF Aβ42 (higher amyloid pathology), which could result from disease 

progression or be accelerated by reduced SWS over Äme. 

 

Our findings for spindles, SO, and cognition likely reflect complex interactions between sleep, 

Aβ42, tau, and cognition in AD34.  Indeed, we found that pTau181/Aβ42 moderated the 

effects of spindle and SO acÄvity on cogniÄon, while spindles and slow oscillaÄons mediated 

the effects of pTau181/Aβ42 on cogniÄon (figure 3). Mander et al.(2015) found that sleep 

mediated the influence of Aβ42 on reduced memory35. Zavecz et al.(2023) also found that 

NREM SWA significantly suppressed the effect of Aβ status on memory funcÄon, parÄcularly 

in persons with high Aβ burden170.  

 

PotenÄal pathways may include orexinergic and glymphaÄc system acÄvity during NREM 

sleep, which helps clear AD biomarkers315.  Orexin levels are higher in moderate-to-advanced 
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AD, influence Aβ42 deposiÄon, and can be involved in sleep-wake cycle dysregulaÄon315. 

Impaired NREM sleep also increases Aβ42 deposiÄon, which can impair NREM sleep in turn, 

influencing cogniÄon34. Aβ42 may also reduce NREM SO generaÄon, decreasing Aβ42 

clearance, further acceleraÄng AD135.  

 

Another intriguing finding was higher spindle acÄvity among females in our sample. Sex-

based differences in spindle acÄvity have not been invesÄgated extensively in AD. However, 

higher spindle density, parÄcularly in fast spindles (>12 Hz), power, and power in the high-

frequency porÄon of the sigma band (13–15 Hz) haven been reported in healthy older 

females than males148. Greater NREM sleep disrupÄon, and up to 50% less SWS, have been 

found in older males than females316,317. These could underlie greater alteraÄons in spindle 

acÄvity in males than females. We also found no staÄsÄcally significant sex-based differences 

in SO acÄvity, though these have been reported for SO and SWA in healthy adults 80,316,317. 

This may be related to sex-based differences in the development and progression of AD and 

its effect on sleep physiology, but these have been under-invesÄgated and need further 

research, given our findings.318.  

 

4.1 Implications and future research 

Our findings support previous suggestions that spindle and SO activity can act as predictive, 

non-invasive biomarkers for AD progression and provide therapeutic targets for cognitive 

decline.  This is important, given that there are currently few disease-modifying treatments 

for AD and it can be difficult to idenÄfy persons for treatment before Aβ burden is too 

high174. Accessible, in-home, ambulatory EEG may also improve the feasibility of overnight 
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PSG for persons with AD. Interventions targeting SWA and memory consolidation in persons 

with MCI or AD ,such as transcranial direct-current or acoustic stimulation, have also yielded 

promising results 319,320.   

 

Lifestyle-based interventions can also enhance sleep in AD. Exercise targets sleep physiology 

and SWA214,220, can protect against functional and cognitive decline282, decreases levels of 

biomarkers associated cognitive decline, and increases those linked to brain-health247. Our 

recent meta-analysis of exercise interventions targeting sleep in older adults with MCI or AD 

found moderate-to-high-quality evidence for the beneficial effects of exercise on sleep, 

including SWS220.  

 

4.2 Strengths and limitations  

Our study has several strengths. Our data was collected prospecÄvely in a sex-balanced 

cohort of persons with high Aβ42 burden and clinical symptoms consistent with mild-to-

moderate AD, using standardised procedures at a centre with experÄse in AD/ADRD. We also 

have comprehensive data for cognition capturing a range of cognitive domains.  

 

We controlled for important confounding factors including age and OSA, while avoiding 

overfiÇng our regression models. Alzheimer’s disease and OSA share mechanisms and 

features including altered sleep architecture, AHI, and reduced brain-health104,321. Increasing 

age is also associated with changes in sleep and some AD biomarkers6. We adjusted for 

mulÄple comparisons, reducing risk of type-1 error 
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However, observational studies can only imply associations, not causation, between sleep, 

biomarkers, and cognition, and we had no comparison group of healthy older adults. 

However, the study sought to follow the cognitive evolution of persons with AD, and 

associations between sleep physiology, biomarkers, and cognition in healthy older adults 

have been explored extensively7,51,151,152,173,314. Participants also underwent PSG only at 

baseline, without a preceding accommodation night, so we cannot rule out first-night effects. 

Overnight PSG with persons with AD carries unique challenges, making this difficult to 

accomplish.  We also cannot rule out the effects of progressive changes in biomarkers or of 

sleep on cognitive performance as participants’ AD progressed. This would be important 

additional data future studies can collect, along with PET to investigate topographic 

associations between alterations in spindles and  anatomical distribution of NFTs. 

 

Our novel findings demonstrate that reduced NREM spindle and SO activity constitute 

complimentary, predictive, and non-invasive biomarkers for AD pathology and 

progression32,175.  Sleep is an important modifiable risk factor for cognitive decline and the 

progression of AD/ADRD6.  Sleep-based biomarkers for AD such as NREM spindle and SO may 

provide novel therapeutic targets for interventions designed to slow the progression of AD 

symptoms9,163.  

 

(Supplementary materials can be found in Appendix I)  
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Chapter III: Sleep microarchitecture predicts neurofilament-light, neuroinflammatory 

biomarkers, and cognition in Alzheimer’s Disease 

 

Chapter summary: 

This chapter further investigates associations between NREM sleep microarchitecture and 

the progression of AD investigated in Chapter 1. Here, we investigated these associations in 

complimentary biomarkers of neuroinflammation and neurodegeneration in Alzheimer’s 

Disease (AD). We also investigate associations between these, sleep microarchitecture, 

cognition, and mental health (neuropsychiatric symptom severity) in AD. This further 

explores sleep spindles and slow oscillations as novel therapeutic targets for preserving brain-

heath and slowing AD progression.  This chapter has been submitted for publication to the 

journal Brain as “Sleep predicts neuroinflammatory biomarkers, cognition, and mental health 

in Alzheimer’s Disease. Arsenio, Shahla Bakian Dogaheh, Sam O. Gillman, Anna Carnes, Faride 

Dakterzada, Ferran Barbé,Thien Thanh Dang-Vu, Gerard Piñol Ripoll. Manuscript ID BRAIN-

2024-03009 (11/24). 
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ABSTRACT 

Background and Objectives: Sleep is essential for brain-health, including clearance of β-

amyloid, tau, and other biomarkers of neurodegeneration and Alzheimer’s Disease (AD): 

cerebrospinal fluid (CSF) neurofilament-light chain (NfL), neurogranin-36 (NG-36),and 

Chitinase-3-like protein-1 (YKL-40). However, it remains unclear whether sleep physiology 

predict these biomarkers or whether these biomarkers predict cognitive or neuropsychiatric 

decline after AD onset. We aimed to determine if sleep physiology predicts biomarkers and 

cognition in AD. 

 

Methods: Using data from a prospective cohort study of mild-to-moderate AD (n=60, 30-

female, mean age 74.7), we analysed: a. non-rapid eye-movement sleep spindles and slow 

oscillations (SO) at baseline and their associations with NfL, YKl-40, NG-36, NfL/Aβ42, YKl-

40/Aβ42 and b. whether these biomarkers predict cognition and mental health at baseline 

and change from baseline to three-years follow-up.  

 

Participants underwent polysomnography, CSF draws and neuropsychological assessment at 

baseline. Cognitive testing was performed with the Mini-Mental Status Examination(MMSE) 

at baseline,12, 24 and 36 months, and the Alzheimer’s Disease Assessment Scale-Cognitive 

Subscale(ADAS-Cog) and Neuropsychiatric Inventory(NPI) at baseline and 12 months. 

Spindle and SO detection was performed and associations between SO and spindle 

characteristics(duration, density, power, amplitude), biomarkers, and cognition from baseline 

to 36 months were investigated with false discovery rate-adjusted Robust Regression 

controlling for age, sex, apnea-hypopnea index. We performed Sobel-Goodman mediation 
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analysis and moderation analyses  to investigate relationships between NfL, YKL-40, and their 

ratios with Aβ42, spindle and SO activity, and cognition. 

 

Results: We found previously unreported associations between spindle and SO 

characteristics, NfL, YKl-40, NG-36, NfL/Aβ42 (β=-.0029, p=0.001), YKl-40/Aβ42 (β=0.0004, 

p=0.003) and cognition in persons with AD. These biomarkers predicted worse cognitive 

performance (higher ADAS-cog [β=2.28, p=0.004], lower MMSE scores [β= -2.42, p=0.01]) 

from baseline to 36-months, and a significant increase in neuropsychiatric symptom severity 

(NPI β=16.93 p<0.001). NfL/Aβ42 mediated the effects of spindle activity on cognitive 

performance on the ADAS-cog (p= 0.041) and MMSE (p=0.0019). Biomarkers also moderated 

the relationships between spindle and SO activity on cognition, and spindles and SO 

moderated the relationships between these biomarkers and cognition. 

 

Discussion: NREM spindle and SO activity, can act as complimentary, non-invasive markers of 

neurodegeneration and potential therapeutic targets for sleep-related interventions 

designed to monitor or slow AD symptom progression. They add further evidence for links 

between NfL, NG-36, YKL-40, sleep, and cognition, and their role as supplemental AD 

biomarkers and biomarkers of susceptibility to neurodegeneration in cognitively unimpaired 

persons at higher risk of AD.  They also constitute potential targets for sleep-related 

interventions for cognition in the context of AD and other neurodegenerative disorders.   

 

Keywords: sleep; brain-oscillations; neurodegeneration; Alzheimers; biomarkers; cognition 

 

Running title: Sleep, brain-health, and Alzheimer’s 
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INTRODUCTION 

Sleep may be one of the most important modifiable risk factors for functional and cognitive 

decline and dementia in older adults6,77. Poor sleep increases the risk of neurodegeneration 

and neurodegenerative disorders such as Alzheimer’s Disease (AD)6,7.  There is a bidirectional 

relationship between sleep and AD9,10. Poor sleep may have a causal role in the 

pathophysiology of AD6,9,102.  Sleep disorders,  including insomnia, restless leg syndrome, and 

sleep apnoea often appear well over a decade before the first clinical symptoms of 

Alzheimer’s Disease (AD)6,7,67 and induce systemic and central nervous system inflammation 

and neurophysiological changes in the brain that may drive the onset and progression of 

AD6,8,103. Sleep plays vital roles in regulating the clearance of proteins such as β-amyloid (Aβ) 

and tau linked to  the development and progression of AD6,24,104.  

 

Persons with AD also experience greater reducÄons in total sleep Äme and sleep quality than 

healthy older adults78. They can also predict or accelerate the progression of cognitive 

decline and functional impairment in persons with AD6,7,99. Sleep physiology, including sleep 

spindles and slow oscillaÄons (SO) during NREM sleep, is altered in AD and has been linked to 

neurodegeneraÄon and the progression of AD symptoms29,52,143.  We previously showed that 

both sleep spindles and slow oscillaÄons during non-rapid eye-movement sleep predict CSF 

amyloid-beta, tau, and cogniÄon over three years in persons with mild-to-moderate-AD285. 

 

Sleep spindles are 9–16 Hz waxing-and-waning oscillations generated within the thalamo-

cortical network associated with sleep-dependent memory consolidation, cognition, and 

sleep continuity37. Spindle density, duration, and amplitude decrease with age, but are 

further reduced in AD32,78,299. Large-amplitude, low-frequency slow waves (>75 microV, 0.5-
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4Hz) and SO(<1 Hz) and SO, largely arising from the prefrontal neocortex, also underlie 

memory consolidation during sleep46.  The number and amplitude SO decrease in in healthy 

older adults, but these decreases are more pronounced in persons with cognitive decline or 

AD29.  

 

Mounting evidence suggests that AD is a disease of multiple aetiologies and overlapping risk  

factors110.  Sleep plays important roles in the clearance of β-amyloid (Aβ) and tau that are 

hallmarks of AD, but may also play important roles in the clearance of other biomarkers 

highly linked to its aetiology and progression, such as cerebrospinal fluid (CSF) neurofilament-

light chain (NfL),  neurogranin-36 (NG-36), and Chitinase-3-like protein-1 (YKL-40)6,111. These 

have emerged as promising diagnostic markers of neurodegeneration and cognitive decline 

in AD111.  An important feature of these biomarkers is that they are highly accurate for 

discriminating neurodegenerative cognitive decline from non-degenerative forms of cognitive 

decline, independently of Aβ, and may also help quantify AD-related pathophysiological 

changes in the brain in living persons111,117,120.  

 

Cerebrospinal fluid (CSF) and plasma NfL are biomarkers of neuronal axonal damage and 

indicators of AD severity that may also be influenced by sleep117,120. Increased NfL levels are 

prognostic of AD and predict white matter changes, brain atrophy, and cognitive decline in 

persons with MCI and AD117,120. Elevated serum NfL levels have been reported in persons 

with chronic insomnia disorder and persons with AD117,120.  Increased light sleep (increased 

NREM1 and decreased NREM3 sleep) has been associated with increased probability of high 

CSF and plasma NfL levels in AD286.   
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Cerebrospinal fluid NG-36 and YKL-40 have also been linked with both sleep and brain-health 

in older adults and persons with AD127.  Neurogranin-36 is a post-synaptic protein enriched in 

the cortex and hippocampus and a putative marker of synaptic integrity, synaptic loss, brain 

atrophy and cognitive decline in AD127. YKL-40 expression is abundant in astrocytes in 

neuroinflammatory conditions and has been associated with early pathophysiological 

changes and neuroinflammatory response to amyloid deposition in early AD128. Increased CSF 

YKL-40 has been linked with circadian rhythm disfunction and AD progression and correlated 

with both Aβ42 and tau, supporting its potential role as a complementary biomarker in AD 

diagnosis and prognosis127.  

 

Evidence gaps and opportunities  

Growing evidence supports the diagnostic and prognostic utility of changes in sleep, CSF Aβ, 

and tau in AD6,99,110. However, there continues to be a need for supplemental biomarkers like 

NfL, NG-36, or YKL-40, representing different aspects of AD pathophysiology, that can 

improve or support AD diagnosis, disease-staging, and prognosis. While these biomarkers 

been associated with cognitive decline in healthy older adults, fewer studies have 

investigated their longitudinal associations with cognition in AD. Additionally, significant 

associations have been reported between sleep spindle activity, NG-36, and YKL-40 in healthy 

older adults, but these have not been investigated in persons with AD29,52,143. Investigating 

features of NREM sleep physiology correlated with these biomarkers can support earlier 

identification of persons at risk during pre-clinical AD and offers opportunities for novel 

therapeutic targets to slow AD progression.  
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In this study, we investigated associations between NREM spindle and SO activity and NfL, 

YKL-40, and Ng-36 at baseline in a sample of 60 persons with mild-to-moderate AD.  We also 

investigated whether these biomarkers predict cognition from baseline to 36 months and 

neuropsychiatric symptom severity over 12 months in AD. We hypothesised that NREM sleep 

spindle and SO activity predict levels of these biomarkers, and these biomarkers are 

associated with reduced cognition and increased neuropsychiatric symptoms at baseline and 

longitudinally  in AD. Sleep spindle and SO activity may therefore constitute predictive, non-

invasive biomarkers of neurodegeneration in AD and novel therapeutic targets to slow AD 

progression and preserve brain-heath.   

 

METHODS 

Study Design 

We analysed data collected between November 2014 to November 2017 in a prospective 

study of the influence of obstructive sleep apnoea (OSA) on the cognitive evolution of 

persons with AD (Role of Hypoxia And Sleep Fragmentation in Alzheimer’s Disease. 

ClinicalTrials.gov NCT02814045)99. The study was approved by the institutional review board 

of Hospital Arnau de Vilanova de Lleida (CE-1218) and conducted according to the 

Declaration of Helsinki principles.   

 

Participant eligibility, recruitment, and data collection methods have been described 

extensively previously99. Briefly, a cohort of 104 persons with mild-moderate AD were 

recruited in a prospective, observational study at the Cognitive Disorders Unit of Hospital 

Universitari Santa Maria (Lleida, Spain).  Eligible participants were aged ≥ 60 years old with 
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AD diagnosed according to the National Institute on Aging and Alzheimer’s Association 

criteria. Exclusion criteria included use of investigational drugs, beta-blockers, 

antidepressants, neuroleptics, or hypnotics within 15 days of the overnight polysomnography 

(PSG)99.  

 

Data from 60 of the participants (30 females) was available for the analyses described in this 

paper.  None of these participants were taking anticonvulsants, antipsychotics, anxiolytics, 

hypnotics, or medications for poor sleep such as benzodiazepine receptor agonists, that may 

influence sleep microarchitecture. Five participants had previously taken antidepressants, but  

not for at least 15 days before PSG. 

 

Data collection 

At baseline, participants underwent a battery of functional and neuropsychological 

assessments, including the Alzheimer’s Disease Assessment Scale–Cognitive Subscale (ADAS-

Cog)288, Mini-Mental Status Examination (MMSE)289, and Neuropsychiatric Inventory (NPI)322, 

followed by one-night of polysomnography (figure 1). The following morning CSF was 

collected for NfL, NG-36, and YKL-40. The ADAS-cog and NPI was re-administered at 12 

months, and the MMSE was re-administered at 12, 24, and 36 months. 

 

Sleep 

Polysomnography was undertaken using Philips Respironics Alice 6 LDx (34 channel EEG 

referenced to the mastoids, 512 Hz sampling rate). Electroencephalography (EEG) records 

were visually scored by experienced sleep technicians using Phillips-G3 Dreamware software 
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(bandpass filter 0.3Hz – 93.6Hz, sampling frequency 512Hz) in 30-s epochs in one of four 

stages of sleep (non-rapid eye movement stages 1, 2, or 3 [NREM1, NREM2, NREM3], and 

rapid eye movement [REM]) following American Academy of Sleep Medicine (AASM) 

criteria294. 

 

Biomarkers 

Cerebrospinal fluid samples were collected between 8:00 am and 10:00 am to avoid 

variations related to circadian rhythms, centrifuged at 2000 × g for 10 minutes at 4°C, 

immediately frozen, and stored within 4 hours in an −80°C freezer. Concentrations of NG-36 

were measured using an in-house enzyme-linked immunosorbent assay (ELISA)286, while YKL-

40 and NfL were measured with commercial ELISA kits286.  All measurements were performed 

in one round using one batch of reagents by board-certified laboratory technicians blinded to 

clinical data.  Intra-assay coefficients of variation were lower than 10% for internal quality 

control samples (two per plate). 

 

For apolipoprotein-E (ApoE) genotyping, DNA was extracted from buffy coat cells with a 

Maxwell RCS blood DNA kit (Promega, USA) for polymerase chain reaction genotyping. 

 

Data analyses 

Participants’ sleep EEG records were processed with Wonambi v 7.11, an open-source Python 

software package developed at the Sleep, Cognition and Neuroimaging Laboratory (SCNLab) 

at Concordia University, Montreal (https://github.com/wonambi-python/wonambi) and 

visually checked again by experienced sleep scorers (AP, SG, SB, OW) at the SCNLab, following 
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AASM criteria294. We also reviewed each EEG recordings in 30-s epochs to identify and tag 

microarousals, artifacts, or instances of poor EEG signal for exclusion from subsequent 

analyses.  Targeted signal aberrations included poor or dysfunctional signals lasting greater 

than one 1 second294, excessive muscle artifact or movement, micro-arousal activity (sudden 

transient cortical activations during sleep and abrupt shift in EEG frequency lasting longer 

than 3 seconds294), or periods in an epoch that contained a shift to N1 or wakefulness. 

 

Automatic EEG sleep spindle and SO event detection on were performed using another in-

house software package developed at the SCNLab and run on Spyder (v5.3.3), directly 

incorporating functions from validated sleep spindle and slow-wave detection methods.  

Based on review of literature for spindle and slow-wave activity in older adults, we undertook 

sleep spindle detection over two central channels (C3-A2, C4-A1)32,148, and slow oscillations 

detection over the two frontal channels (F3-A3, F4-A1)296. 

 

An algorithm developed by Staresina et al. (2015) was used to detect SO on channels F3 and 

F4 during NREM346. Artifact-free EEG signals were filtered between 0.16 – 1.25Hz (zero-

phase infinite impulse response bandpass filter). The duration threshold for potential SOs 

was 0.8 – 2.0 seconds for two successive positive-to-negative zero crossings, in filtered EEG 

signals. Following Staresina’s criteria, the event amplitude threshold for SOs meeting 

duration criteria was amplitudes exceeding the 75th percentile of trough-to-peak amplitude 

between two positive-to-negative zero crossings46. We also visually reviewed detected SO 

events to ensure that they were not false positives. 
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Sleep spindles were detected during NREM2 (fixed bandwidth 9 – 16Hz) based on Mölle et 

al.’s (2011) algorithm40. We chose a 9-16hz bandwidth based on a review of literature for 

spindle characteristics in older adults, MCI, AD, and other neurodegenerative 

disorders78,173,298,299. These disorders have been associated with greater declines in spindle 

characteristics and physiological changes than seen with increasing age78,173,298,299.  We also 

wanted to capture slow spindle activity (9-12Hz)40 in our sample, given evidence age-related 

changes in slow spindle activity and their links with cognitive decline7,78,173,298,299. On artifact-

free, filtered EEG signals in channels C3 and C4, the root mean square (RMS) was computed 

using a 0.2 sec sliding window, then further smoothed using 0.2 sec moving average. Sleep 

spindles were identified when standard deviations of RMS values exceeded 1.5 for 0.5 – 3.0 

sec. To manually check the accuracy of automatically detected SO and sleep spindle events, 

we visually inspected the identified sleep spindles with Wonambi.  

 

We extracted data for spindle density (/30 sec) mean duration (sec), and power (μV2) in 

NREM2, and SO density (/30 sec), mean duration (sec), and amplitude (μV) in NREM3. These 

characteristics were chosen for their associations with brain-health, cognitive decline, and AD 

progression7,32,148,305.  For example, spindle and SO duration and density have been linked to 

cognitive decline and biomarkers of neurodegeneration in healthy older adults32,51,173.   

 

Statistical analyses 

We calculated descriptive statistics for participant characteristics, sleep, and biomarkers and 

differences in these between males and females. We expected that biomarker data may be 

right or left skewed rather than normally distributed, as may be expected in participants with 

mild to moderate AD117.  We also calculated ratios of CSF NfL/Aβ42 and YkL-40/Aβ42323. 
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These biomarker ratios have been associated with increased brain amyloid and shown to be 

superior for predicting clinical decline and progression to dementia in older adults at risk of 

AD than individual biomarkers128,323.   

 

Sleep microarchitecture, AD biomarkers, and cognition 

We investigated cross-sectional associations between SO and spindle metrics and CSF 

biomarkers (NfL, ng36, YKL-40, NfL/Aβ42 and YKL-40/Aβ42), and longitudinal associations 

between these biomarkers at baseline, cognition (MMSE baseline, 12, 24, 36 months, ADAS-

cog baseline, 12 months) and neuropsychiatric symptom severity (NPI baseline, 12 months) 

using Robust Regression with Huber Loss and Tukey’s biweight functions. Robust regression 

models reduce the effects of influential variables or outlying observations which may arise in 

a sample of persons with mild-moderate AD but are clinically valid and account for potential 

heteroscedasticity in the data324. We checked for multicollinearity among sleep spindle and 

SO  characteristics with the variance inflation factor (VIF), maintaining VIF at <2 (no to low 

correlation)310. All regression results were corrected for multiple comparisons with a 

Benjamini-Hochberg False Discovery Rate. 

 

We limited covariates in our model to avoiding over-fitting that may bias regression results. 

We controlled for  age (continuous), sex (binary), and apnoea-hypopnea index (AHI-

continuous). The sample was drawn from a population of older adults with a high prevalence 

of OSA, and hypoxia severity has been associated with amyloid deposition and increased risk 

of AD in persons with OSA.  

 



 
  

 78 
 

In secondary analyses, we included baseline CSF Aβ42 levels in our regression model, given 

associations between the biomarkers we investigated and amyloid deposition, and between 

amyloid deposition and changes in sleep physiology in AD117. In another analysis, we 

controlled for APOE4 in the regression models for spindles, SO, and biomarkers, given 

associations between APOE4 and biomarkers of neurodegeneration in older adults325. Finally, 

we investigated whether NfL predicted levels of other primary biomarkers of AD: Aβ42, 

phosphorylated tau (pTau181), total-tau, ptau181/Aβ42, total-tau/Aβ42, and biomarkers of 

neuroinflammation and neurodegeneration: CSF NG-36, CSF YKL-40, YKL-40/Aβ42. 

 

We performed mediation analysis with Sobel-Goodman Tests following Preacher and Hayes’ 

recommendation and moderation analyses using regression models with interaction terms. 

We explored mediating and moderating relationships between NfL, YKL-40, and their rations 

with Aβ42, spindle and SO activity, and cognition, given our previous findings for the 

associations between spindle and SO activity and cognition in mild-to-moderate AD285. 

 

DATA AVAILABILITY STATEMENT: Data not provided in the article because of space 

limitations may be shared (anonymized) by reasonable request from qualified investigators. 

 

RESULTS 

The 60 participants (30 female) in this study had a mean age of 74.7 and MMSE score of 22.9 

±2.4 at baseline. There were no significant differences between males and females in age, 

body-mass index (BMI), educational attainment, prevalence of diabetes, depression, 

obstructive sleep apnoea, or CSF Aβ42 (median 516 pg/ml) (table 1).  No statistically 
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significant differences were found between males and females on the MMSE, ADAS-cog,  NPI, 

or Cornell Scale for Depression in Dementia at baseline. 

 

Sleep 

Participants had a mean total sleep time of 260.4 minutes (±89.9) and a median sleep 

efficiency of 67% (IQR 48-80) (table 2). There were no significant differences between males 

and females in (mean) total sleep time, sleep efficiency, or time spent in NREM2 sleep. 

However, females spent more time than males in NREM3 and had and had higher spindle 

density (per 30 second epoch), power (109 μV2) and higher median peak spindle frequency 

(11.24hz) than males (table 2). Participants had a mean SO density of 2.7 (±0.9) per 30 

second epoch, median SO duration of 1 second (IQR 1-2), and SO amplitude of 108 μV (IQR 

81-156).  There were no statistically significant sex-based differences in SO (table 2). 

 

Sleep and biomarkers 

Spindles (table 3 and figure 2): A unit increase in NREM2 spindle power predicted a 

statistically significant decrease in CSF NfL/Aβ42 (β=-.0029, p=0.001). Increased spindle 

density also predicted decreased CSF NfL/Aβ42 ratio, but it did not survive FDR correction 

(β=-0.62, p=0.026). A unit increase in spindle power also predicted a statistically significant 

decrease in the CSF YkL-40/Aβ42 ratio (β=0.0004, p=0.003).  

 

Among individual biomarkers, one unit increases of spindle power (β=-2.22, p=0.004) and 

spindle duration (β=-2424.67, p=0.001) each predicted statistically significant decreases in 

CSF NfL. These remained statistically significant when controlling for either Aβ42 or apoe4 
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(eTable 1). Spindle power also predicted decreased CSF YKL-40 (β=-0.81, p=0.034) that did 

not survive FDR correction. However, when adjusted for baseline Aβ42, the association was 

stronger (β=-0.98, p=0.013), surviving FDR correction. No statistically significant associations 

were found between spindle characteristics,  plasma NfL or CSF NG-36.  

 

Slow Oscillations (table 4 and figure 3): One unit increase in SO density predicted a 

statistically significant decrease in plasma NfL (β=-11.22, p=0.0001).  SO power was also 

associated with decreased CSF NG-36 (β=138.77, p=0.006). No other statistically significant 

associations were found between SO characteristics and other biomarkers. Controlling for 

APOE4 in associations between spindles, SO, and biomarkers did not change the change the 

statistical significance of our results (eTable1). 

 

Biomarkers, cognition, and neuropsychiatric symptoms  

A unit increase in CSF NfL was associated with statistically significant increased ADAS-cog 

total score (poorer cognitive performance) at baseline, even when accounting for Aβ42 

(table 5). Each unit increase in CSF NfL/Aβ42 predicted a 2.28 point increase in the ADAS-cog 

(p=0.004). CSF NG-36 also predicted statistically significant increases in ADAS-cog scores at 

baseline and 12 months (β=0.29, p=0.01), surviving FDR correction when adjusting for Aβ42, 

which also resulted in a large increase of 6.45 points on the ADAS-cog at 12months for every 

unit increase in YKL-40. 

 

 Cerebrospinal fluid NfL and NfL/Aβ42 also predicted statistically significant decreases in 

MMSE scores (poorer cognition) at baseline, 12, and 24 months, though only the 
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association with decreased cognitive performance on the MMSE at 24 months (β=-1.27, 

p=0.02) survived FDR correction.  Plasma NfL predicted poor cognition on the MMSE at 36 

months when adjusting for baseline Aβ42 (β=-0.23, p=0.001). Cerebrospinal fluid YKL-

40/Aβ42 also predicted a statistically significant decrease in the MMSE at 12 months (β= -

2.42, p=0.01).  Both NfL/Aβ42 and YKL-40/Aβ42 at predicted statistically significant increase 

in the NPI (poorer mental health) at 12 months. The association with YKL-40/Aβ42 survived 

FDR correction (β=-16.93, p=0.0001). 

 

 

Secondary analyses 

We also found statistically significant associations between CSF NfL and the other 

biomarkers in our study (eTable 2).  One unit increase in CSF NfL predicted increased tTau 

(β=0.58, p=0.009), ptau181/Aβ42 (β=0.0001, p=0.015), tTau/Aβ42 (β=0.001, p=0.001) and 

CSF NG-36 (β=0.091, p=0.006). 

 

Neurofilament-light/Aβ42 mediated the effects of spindle activity on cognitive performance 

on the ADAS-cog (p= 0.041) at baseline and the MMSE at 12 months (Sobel-Goodman 

p=0.0019), mediating 56% and 27.5% of the effects of spindle activity on cognition, 

respectively (eTable 3 ). There were statistically significant interactions between NfL, YKl-40, 

NfL/Aβ42 and YKL-40/Aβ42 and both cognition from baseline to 36 months and sleep, 

indicating the biomarkers moderate the relationships between spindle and SO activity on 

cognition, and sleep spindles and SO moderate the relationships between these biomarkers 

and cognition. For example, as levels of these biomarkers increased,  ADAS-cog scores at 
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baseline and 12 months increased (poorer cognitive performance), and MMSE scores from 

baseline through to 36 months decreased (poorer cognitive performance) (eTable 4).  

 

DISCUSSION 

We found that spindle and SO activity predicts CSF and plasma NfL, and CSF Ng-36, NfL/Aβ42 

and YKL-40/Aβ42 in mild-to-moderate AD. To the best of our knowledge, these associations 

had not been previously reported in persons with AD. These are important findings, given 

that these biomarkers have previously been linked with longitudinal amyloid accumulation 

and cognitive decline in older adults323.  Indeed, we found that these biomarkers predicted 

poorer cognitive performance and mental health (NPI) over time and play both mediating 

and moderating roles in the relationships between spindle and SO activity and cognition in 

mild-to-moderate AD. Our findings have important implications for clinical care in early 

stages of AD and the development of sleep-based treatment strategies to delay AD 

progression.  Delaying the progression of AD symptoms can have considerable benefits for 

persons with AD, their caregivers, and communities176. 

 

Neurofilament-light 

Most research has explored links between fluid NfL and sleep in healthy older adults or those 

at risk of AD. For example, Mander et al (2022 ) found that CSF NfL was associated with 

spindle density and duration in a sample of 58 cognitively unimpaired, amyloid-negative older 

adults at risk of AD52. However, the associations with spindle density did not remain 

significant after adjusting for age, sex AHI, and APOE. Our study is the first to report 

statistically significant associations between spindle and SO characteristics and fluid NfL 
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measures in AD.  The associations we found between spindle activity and NfL may reflect the 

increased amyloid-positivity, tau phosphorylation, and neuroinflammation of our sample, 

which could be associated with higher CSF NfL and more robust associations with spindle 

activity. Indeed, CSF NfL in our sample (median 960.8) was significantly higher than the mean 

CSF NfL reported by Mander et al (92.1 ± 119.3)52.  

 

Our sample also had significantly lower CSF Aβ42 than Mander et al.’s. Amyloid pathology 

associated with AD progression can drive neuronal degeneration in areas crucial for spindle 

activity, such as cholinergic neurons in the basal forebrain or noradrenergic neurons in the 

locus coeruleus.100 This may reduce synaptic and dendritic integrity, impairing sleep spindle 

activity but also increasing CSF NfL161.  Cortical atrophy and loss of grey matter volume in the 

hippocampus, praecuneus, amygdala, and cingulate gyrus may also be associated with 

declines in SO activity31. Our findings suggest that a decrease in spindle or SO activity may be 

linked to the clearance of NfL in the brain, similar to the associations found for Aβ42 and 

pTau18151. Decreased clearance of tau may also lead to neurodegeneration and axonal 

injury, further increasing NfL levels326. 

 

Neurofilament-light has also been linked to axonal damage, neurodegeneration, and 

cognitive decline in a number of proteopathies, including AD117,325. Our results support and 

extend these findings. We found that increased CSF or plasma NfL at baseline predicts poorer 

cognition cross-sectionally (ADAS-cog) and over three years (MMSE). However, it is intriguing 

that plasma NfL was not associated with cognitive performance (MMSE) from baseline to 24 

months. The reasons underlying this are difficult to explore with our data alone. Previous 

studies in healthy older adults have also failed find an association between plasma NfL and 
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measurable decline in global cognition , even when there was a significant association 

between plasma NfL and neuroimaging measures of neurodegeneration327. Our findings may 

reflect the progressive, cumulative effects of AD pathology and neurodegeneration on global 

cognition over a longer timespan (36 months). Fluid NfL measures have been associated with 

magnetic resonance imaging (MRI) assessed brain atrophy and post-mortem neurofibrillary 

tangle load in persons with clinically apparent AD, further supporting this possibility117. 

 

NG-36 and YkL-40  

We found a statistically significant inverse relationship between SO duration and NG-36. This 

is also an important finding, given that elevated CSF NG-36 has been shown to be a trait 

specific to AD328. It has also been linked to synaptic degeneration that is an early feature of 

AD and synaptic loss strongly correlated with cognitive decline328. Poor sleep may interfere 

with sleep-dependent synaptic maintenance during NREM sleep, increasing synaptic injury 

and CSF NG-36328. It may also decrease metabolic clearance of amyloid and tau, further 

interfering with NREM sleep, synaptic maintenance, and SO activity136.  

 

Cerebrospinal fluid levels of NfL, NG-36 and YKL-40 can complement other diagnostic fluid 

biomarkers of early symptomatic AD and help predict future cognitive decline in pre-

symptomatic older adults328. Our results support the complementary role of these 

biomarkers in predicting cognitive decline in AD. We found statistically significant 

associations between CSF NfL, NG-36, YKL-40 and poorer cognitive performance (ADAS-cog 

and MMSE).  The strong, inverse relationships between NfL/Aβ42, YKL-40/Aβ42 and cognition 

(ADAS-cog and MMSE)  from baseline to 24 months further extends previous evidence that 

these rations predict clinical decline in older adults at risk of AD128,323.  
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It is notable that we also found that YKL-40/Aβ42 at baseline predicted a large increase in 

neuropsychiatric symptom severity on the NPI at 12 months (Β=16.93, p <0.001). The 

neuropsychiatric symptoms captures by the NPI include some of the greatest stressors for 

persons with AD and their caregivers. These including  nighttime behavioural disturbances, 

which are among the leading causes of caregiver stress and institutionalization for persons 

with AD162. There are also strong bidirectional relationships between mood, depression, 

agitation, sleep and sleep physiology, further underscoring the dynamic relationship between 

sleep, sleep physiology, mental-health and brain health in older adults227,230,231,281,329–332. 

 

 

Implications and future research 

Our results support previous suggestions that spindle and SO activity can act as predictive, 

non-invasive biomarkers of brain-health and therapeutic targets for AD progression.  They 

also reflect the complex, bidirectional relationships between sleep and the multiple 

aetiologies that may underlie the development and progression of AD34. The mediating and 

moderating roles we found for YKl-40, NfL/Aβ42 and YKL-40/Aβ42 in the associations 

between spindle and SO activity and cognition further underscore the complex relationships 

between sleep physiology, brain-health, and AD. A number of potential pathways for these 

relationships have been proposed, including glymphatic system activity during NREM sleep 

promoting the clearance of AD biomarkers, with impaired NREM sleep disrupting clearance 

of Aβ42 and tau, influencing disease progression and cognitive decline34. Increased Aβ42 

deposition may also reduce NREM spindle and SO generation, further decreasing Aβ42 
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clearance and accelerating the neurodegeneration captured in the biomarkers we 

invesigated135.  

 

There are currently few disease-modifying treatments for AD174.  It is also difficult to identify 

persons for treatment before their disease burden is too high, underscoring the important, 

predictive ability of sleep spindles and SO in AD 174. Fluid NfL, NG-36, and YKL-40 can play a 

particularly important role in this, given evidence for their utility as prognostic biomarkers for 

amyloid deposition, neurodegeneration, and cognitive decline in AD111,117,120. They can also 

play important roles as biomarkers of susceptibility to neurodegeneration in cognitively 

unimpaired persons at higher risk of AD due to increased amyloid or APOE4325.  

 

The increased availability of portable in-home EEG may also improve the feasibility of 

overnight PSG for persons with AD. Interventions such as transcranial direct current or 

acoustic stimulation targeting SWA in persons with MCI or AD have also yielded promising 

results333.  However, lifestyle-based interventions such as exercise and increased physical 

activity can also be harnessed to enhance sleep and SWA in persons with AD. Exercise targets 

sleep physiology, including NREM SWA, decreases levels of biomarkers associated with 

neurodegeneration, inflammation and cognitive decline, and protects against functional and 

cognitive decline in older age220. Our recent meta-analysis of exercise interventions targeting 

sleep in persons with MCI or AD found moderate-to-high-quality evidence for the beneficial 

effects of exercise on sleep, including slow-wave sleep220.  

 

Strengths and limitations  
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Our study has several strengths. Our data was collected prospectively in a sex-balanced 

cohort of persons with high Aβ42 burden and clinical symptoms consistent with mild-to-

moderate AD, using standardised procedures at a centre with expertise in AD. We also had 

comprehensive data for cognition capturing a range of cognitive domains over a three-year 

period.  Exclusion criteria also included use of medications associated with altered sleep 

(beta-blockers, antidepressants, neuroleptics, or hypnotics) within 15 days of the 

polysomnography. No participants were taking medications for poor sleep that may influence 

sleep microarchitecture.  

 

We controlled for important confounding factors including age and OSA, which shares 

mechanisms and features with AD, including altered sleep architecture, AHI, and biomarkers 

of  reduced brain-health104.  Increasing age is also associated with changes in sleep and some 

AD biomarkers6. We limited our covariates to these variables (age, sex, AHI) to avoid 

overfitting our regression models, and adjusted for multiple comparisons to reduce the risk 

of type-1 error.  

 

However, observational study results can only imply associations, not causal relationships, 

and we did not have a comparison group of healthy older adults. However, the study sought 

to follow the cognitive evolution of persons with AD. Associations between sleep, 

biomarkers, and cognition in healthy older adults have been explored extensively7,51,173.  

Participants also underwent PSG only at baseline, and without a preceding accommodation 

night, so we cannot rule out first-night effects. However, overnight PSG with persons with AD 

can be difficult to carry-out, making this difficult to accomplish.  We also could not 
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investigate longitudinal associations between changes in sleep and biomarkers as AD 

progressed in our sample. This would be important data future studies can collect.  

 

Conclusion 

Our novel findings demonstrate that reduced NREM spindle and SO activity can act as 

complimentary, non-invasive markers of neurodegeneration and therapeutic targets for 

interventions designed to monitor or slow the progression of AD symptoms32. They also add 

further evidence for links between NfL, NG-36, YKL-40, sleep, and cognition and their 

potential role as supplemental AD biomarkers.  These biomarkers may also constitute 

potential targets for sleep-related interventions for cognition in the context of AD and other 

neurodegenerative disorders.   
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ADAS-C: Alzheimer’s Disease Assessment Scale, cognitive subscale, MMSE: Mini-mental State Examination, NPI: Neuropsychiatric 
Inventory (NPI) 
 

Figure 1: Study flow, “Role of Hypoxia And Sleep Fragmentation in Alzheimer’s Disease. 

  

1 night
PSG in
hospital

Next
morning:

CSF &
blood

Baseline: ADAS, MMSE, NPI

12 months
ADAS, MMSE,

NPI

24
months
MMSE

36 
months
MMSE

Follow-up Baseline



 
  

 90 
 

 

Sample Male (n=30) Female (n=30) Total (n=60) p value 
Age 75.5 ±5.0 74.0 ±5.0 74.7 ±5.0 0.26 
Body mass index (BMI) 27 (24-29) 28 (24-32) 27 (24-32) 0.71 
Depression 6 (20.0%) 12 (40.0%) 18 (30%) 0.09 
Diabetes 7 (23.3%) 3 (10%) 10 (16.7%) 0.17 
Education (≥ high school) 5(16.7%) 5(16.7%) 10 (16.7%) 1.00 
     0: No formal education 2 (6.7%) 2 (6.7%) 4(6.7%)  
     1. Primary school 23 (76.7%) 23 (76.7%) 46(76.7%)  
     2. High school 4 (13.3%) 4 (13.3%) 8 (13.3%)  
     3. University 1 (3.3%) 1 (3.3%) 2 (3.3%)  
Smoking history 11(36.7%) 2 (6.7%) 41(68.3%) 0.005 
     0. Never 19 (63.3%) 28 (93.3%) 47 (78.3%)  
     1. Current 2 (6.7%) 0 (0.0%) 2 (3.3%)  
     2. Former (>6 months ago)  9 (30.0%) 2 (6.7%) 11(18.3%)  
Obstructive sleep apnoea (OSA)  24 (96.0%) 23 (88.5%) 47(78.3%) 0.25 
Apnoea hypoxia index (n/hrTST) 38.14 ±23 29.24 ±22.8 33.7 ±23.14 0.14 
     0-4.9 1 (3.3%) 2 (6.7%) 3 (5%)  
     5-14.9  4 (13.3%) 7 (23.3%) 11 (18.33%)  
     15-30 9 (30.0%) 10 (33.3%) 19 (31.67%)  
     ≥ 30 16 (53.3%) 11 (36.7%) 27 (45%)  
AD Drugs  26 (86.7%) 27(90%) 53 (88.3%) 0.69 
     None 4 (13.3%) 3 (10%) 7 (11.7%)  
     Rivastigmina 9 (30%) 9 (30%) 18 (30%)  
     Donepezil 17 (56.7%) 15 (50%) 32 (53.3%)  
     Memantine 0 3 (10%) 3 (5.8%)   
CSF values-biomarkers (pg/ml)     
Beta-amyloid (Aβ42) 506 (417-609) 532 (398-627) 516 (411-618) 0.62 
Neurofilament-lite (NfL) 986.8 (724.1-1212.8) 958.5 (557.3-1330.7) 960.8 (672.3-1212.8) 0.46 
Neurogranin-36 (NG-36)  277.7 ±136.7 299.7 ±95.6 288.96 ±116.7 0.53 
Chitinase-3-like protein (YKL-40) (ng/m) 288.7 (225.7-412.5) 289.8 (194.9-378.9) 281.6 (224.5-389.2) 0.65 
Plasma biomarkers (pg/ml) 
NfL  

33.4 (23.8-44.1) 25.1 (19.5-31.5) 26.1 (20-37.2) 0.20 

Cognition     
ADAS 
MMSE 

23.4 ±2.3 23.0 ±2.4 23.2 ±2.4 0.55 

Neuropsychiatric     
Cornell Scale (CSDD) 7 (2-11) 6 (3-11) 7 (3-11) 0.93 
Neuropsychiatric Index (NPI) 4 (0-11) 8 (3-13) 6 (2-12) 0.51 

 

Table 1: Participants’ characteristics at baseline 
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 Male (n=30) Female (n=30) Total (n=60) p  
Sleep architecture     
Total sleep time (min) 247.2 ±93.5 273.6 ±85.6 260.4 ±89.9 0.26 
Total time in bed (min) 423 (391-447) 419 (400-443) 421 (392-446) 0.63 
Sleep efficiency (%) 60 (44-80) 69 (50-78) 67 (48-80) 0.38 
Sleep onset latency (min) 17 (9-33) 27 (14-68) 23 (11-57) 0.35 
Wake after seep onset (min) 131 (66-179) 83 (54-136) 101 (58-161) 0.11 
NREM 1 duration (min) 70.1 (47-80.5) 44.25 (27.5-57) 51 (35.5, 78.25) 0.01 
NREM2 duration (min) 86 (63-120) 105 (85-154) 92 (69-138) 0.25 
NREM3 duration (min) 43 (24-78) 84 (38-106) 60 (28-91) 0.03 
N2+N3min/TST (%) 55.6 ±18.2 68.6 ±17.1 62.1 ±18.7 0.006 
REM duration (min)  27 (14-42) 26 (15-46) 26 (14-44) 0.83 
NREM1 (% of total sleep time) 30 (23-42) 16 (8-22) 22 (10-34) 0.007 
NREM2 (% of total sleep time) 37.3 ±14.7 40.8 ±13.3 39.0 ±14.0 0.35 
NREM3 (% of total sleep time) 16 (10-26) 30 (15-39) 23 (14-36) 0.008 
REM (% of total sleep time) 10 (7-16) 11 (5-16) 10 (6-16) 0.94 
Sleep spindle (SP)  Male (30) Female (30) Total (60) p  
NREM2+NREM3     
SP density  0.4 ±0.3 0.7 ±0.3 0.5 ±0.3 0.002 
SP duration 0.7 ±0.1 0.7 ±0.1 0.7 ±0.1 0.32 
SP power  251 (151-300) 280 (211-404) 254 (187-374) 0.54 
Slow Oscillations (SO) Male (30) Female (30) Total (60) p  
NREM2+NREM3     
SO density  2.6 ±1.0 2.7 ±0.8 2.7 ±0.9 0.62 
SO duration  1 (1-2) 1 (1-2) 1 (1-2) 0.31 
SO ptp amplitude  107 (83-144) 116 (80-175) 108 (81-156) 0.66 

NREM: Non-rapid eye movement sleep. REM: Rapid eye movement sleep. ptp: peak to peak 

Table 2: Sleep architecture at baseline by sex. 
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Spindles  (SP) NREM2          

 CSF-NfL coef SE P value 95%CI lower upper 

SP duration  -2424.674 693.4369 0.001* -3829.711 -1019.638 
SP density 352.8109 221.4231 0.119 -95.43682 801.0585 
SP power -2.215239 0.7121991 0.004* -3.657011 -0.7734675 

plus Aβ42      
SP duration  -2341.786 718.5329 0.002* -3799.038 -884.5334 
SP density 352.0558 242.7829 0.156 -140.3307 844.4424 
SP power -1.381578 .3490971 0.000* -2.089579 -.6735757 

Plasma NfL      
SP duration  30.47967 28.65704  0.294 -27.35257 88.31191 
SP density -1.159311 6.171612  0.852 -13.61413 11.29551 
SP power -.0097233 .0198087  0.626 -.0496988 .0302523 

plus Aβ42      
SP duration  31.49667 30.55308 0.310 -30.52939 93.52273 
SP density -1.567106 6.721672 0.817 -15.21283 12.07861 
SP power -.0059887 .0216489 0.784 -.0499383 .0379609 

NG-36      
SP duration  -406.3935 399.3046 0.315 -1215.462 402.6746 
SP density -41.72292 73.67342  0.575 -190.867 107.4211 
SP power -.0736801 .0884974 0.410 -.252993 .1056327 

plus Aβ42      
SP duration  -417.6573 418.6901 0.325 -1266.8 431.4856 
SP density 86.57386 91.75631 0.352 -99.51657 272.6643 
SP power -.0786192 .1032266 0.451 -.2879725 .1307341 

CSF YKL-40      
SP duration  169.9988 277.2982  0.543 -391.3621 731.3596 
SP density -20.86094 81.18594 0.799 -185.2133 143.4914 
SP power -0.808 0.3676225 0.034 -1.551125 -.0639519 

plus Aβ42      

SP duration  214.1142 293.3263 0.470 -380.2213 808.4497 
SP density -66.66801 87.60098 0.451 -244.1644 110.8284 
SP power -0.9834 .3784485  0.013* -1.745 -.21728 
CSF NfL/AB42 

     

SP duration  2.670308 2.350408 0.263 -2.092071 7.432687 
SP density -.617374 .2644092 0.026 -1.155958 -.0787901 
SP power -0.0029 .000839  0.001* -.0046214 -.0012183 

CSF YKL-40/Aβ42            
SP duration  0.3956 .7924905  0.621 -1.210219 2.001258 
SP density -0.1804 .1792477 0.321 -.5435996 .1827812 
SP power -0.0049 0.0013 0.000* -0.0074 -0.0023 

*significant after Benjamini-Hochberg FDR 
Aβ42: Beta-amyloid,  NfL: neurofilament light-chain, NG-36: neurogranin 36, YKL-40: Chitinase-3-like protein 
 

Table 3: Sleep spindles and biomarkers 
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Slow oscillations  (SO) NREM3         

 CSF-NfL coef SE P value 95%CI lower upper 
SO duration  131.8638 217.8706 0.549 -309.1922 572.9198 
SO density 17.43615 82.85814 0.834 -150.3014 185.1737 
SO ptp amplitude -1.722552 1.439158 0.239 -4.635974 1.190871 

plus Aβ42      
SO duration  127.3874 219.9277 0.566 -318.2285 573.0033 

SO density 25.30379 90.06282 0.780 -157.1808 207.7884 

SO ptp amplitude -1.770908 1.463652 0.234 -4.736548 1.194732 
Plasma NfL      
SO duration  7.115322 4.373192  0.111 -1.710136 15.94078 
SO density -11.2236 1.734801 0.000* -14.72457 -7.722624 

SO ptp amplitude .0649213 .0293448  0.032 .0057011 .1241416 

plus Aβ42      

SO duration  8.227774 5.165947 0.120 -2.259657 18.7152 

SO density -10.66489 1.983012 0.000* -14.69062 -6.639162 
SO ptp amplitude .0769256 .0314427 0.020 .0130935 .1407577 
NG-36      
SO duration  -138.7653 47.9224  0.006* -235.7791 -41.75149 

SO density 30.24508 21.49155 0.167 -13.26229 73.75245 

SO ptp amplitude -.5393477 .5415793  0.326 -1.635718 .5570222 
plus Aβ42      

SO duration  -130.9712 52.83777 0.018* -238.0307 -23.91168 
SO density 32.22441 23.60494 0.180 -15.60375 80.05257 

SO ptp amplitude -.1194187 .3836146 0.757 -.8966958 .6578583 

CSF YKL-40      
SO duration  -55.29139 70.90252 0.440 -198.826 88.24327 
SO density -1.696327 24.97845 0.946 -52.26256 48.8699 
SO ptp amplitude -.1971385 .4338491 0.652 -1.07542 .681143 

plus Aβ42      

SO duration  -58.53722 66.54012 0.385 -193.3603 76.28588 
SO density -8.047407 27.24891 0.769 -63.25894 47.16413 

SO ptp amplitude -.1739342 .4428344 0.697 -1.071202 .7233335 

CSF NfL/AB42 
     

SO duration  .3506004 .5105225 0.497 -.6838164 1.385017 
SO density -.1159567 .1932569  0.552 -.5075324 .2756189 

SO ptp amplitude -.0069261 .0058203  0.242 -.0187191 .0048669 

CSF YKL-40/AB42            

SO duration  -.1387297 .1448362 0.344 -.4321958 .1547365 

SO density -.0617642 .0575688  0.290 -.1784096 .0548813 

SO ptp amplitude -.0016059 .0017549  0.366 -.0051618 .0019499 
*significant after Benjamini-Hochberg FDR  
Aβ42: Beta-amyloid,  NfL: neurofilament light-chain, NG-36: neurogranin 36, YKL-40: Chitinase-3-like protein 
 
Table 4: Slow oscillations and biomarkers 
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ADAS-C: Alzheimer’s Disease Assessment Scale, cognitive subscale, MMSE: Mini-mental State Examination, NPI: Neuropsychiatric 
Inventory (NPI), Aβ42: Beta-amyloid,  NfL: neurofilament light-chain, NG-36: neurogranin 36, YKL-40: Chitinase-3-like protein 

 

Table 5: biomarkers and cognition 

  

Biomarker coef p 95% low upper coef p lower upper 
 ADAS-C base   ADAS-C 12m   
CSF NfL 0.01 0.01* 0.001 0.01 0.004 0.08 -0.001 0.001 

CSF Nfl and  base aβ42 0.01 0.004* 0.002 0.001 0.01 0.07 -0.004 0.01 

CSF NfL/aβ42 2.28 0.01* 0.48 4.07 1.64 0.14 -0.58 3.87 
Plasma NfL -0.03 0.65 -0.14 0.04 -0.40 0.55 -0.17 0.094 

Plasma NfL and base aβ42 -0.02 0.73 -0.14 0.98 -0.04 0.54 -0.18 0.98 
CSF NG-36 0.02 0.06 -0.001 0.041 0.27 0.028 0.01 0.054 

CSF Ng-36 and base aβ42  0.02 0.02* 0.004 0.041 0.29 0.01* 0.01 -0.049 
CSF YKL-40 1.98 0.49 -3.82 7.79 3.07 0.28 -2.57 8.7 

CSF YKL-40 and base aβ42 0. 0.72 -0.01 0.02 6.45 0.03 0.56 12.34 

CSF YKL-40/aβ42 2.68 0.1 -5.43 10.78 7.71 0.08 -1.23 16.65 
 MMSE  base   MMSE  12m   
CSF NfL -0.001 0.11 -0.003 0.003 -0.002 0.047 -0.003 -0.0002 

CSF Nfl and  base aβ42 0.001 0.09 -0.003 0.000 -0.002 0.51 -0.003 7.34 

CSF NfL/aβ42 -0.68 0.03 -1.29 -0.06 -0.74 0.028 -1.39 -0.82 
Plasma NfL 0.012 0.58 -0.029 0.54 0.012 0.54 -0.28 0.052 

Plasma NfL and base aβ42 0.012 0.57 -0.029 0.54 0.032 0.08 -0.004 0.067 
CSF NG-36 0.002 0.59 -0.01 0.01 -0.01 0.12 -0.015 0.002 

CSF Ng-36 and base aβ42  0.002 0.62 -0.01 0.01 -0.01 0.04 -0.015 -0.004 
CSF YKL-40 0.002 0.49 -0.004 0.01 -0.002 0.56 -0.01 0.01 

CSF YKL-40 and base aβ42 0.41 0.67 -1.55 2.38 -1.71 0.08 -3.68 0.26 

CSF YKL-40/aβ42 0.3 0.83 -2.43 3.02 -2.42 0.01* -4.27 -0.58 
 MMSE 24   MMSE 36   
CSF NfL -0.03 0.016* -0.01 -0.001 0.002 0.68 -0.01 0.01 

CSF Nfl and  base aβ42 -0.04 0.12 -0.01 -0.001 0.002 0.69 -0.001 0.01 

CSF NfL/aβ42 -1.27 0.02* -2.33 -0.21 -0.85 0.98 -2.89 2.71 
Plasma NfL -0.06 0.20 -0.15 0.03 -0.10 0.2 -0.27 0.06 

Plasma NfL and base aβ42 -0.02 0.71 -0.12 0.08 -0.23 0.001* -0.35 -0.11 
CSF NG-36 -0.001 0.84 -0.02 0.01 0.002 0.93 -0.04 0.054 
CSF Ng-36 and base aβ42  -0.002 0.77 -0.02 0.01 0.002 0.92 -0.04 0.05 
CSF YKL-40 -1.40 0.44 -5.04 2.23 -2.18 0.18 -5.46 1.09 

CSF YKL-40 and base aβ42 -0.01 0.27 -0.02 0.01 0.01 0.50 -0.04 0.02 

CSF YKL-40/aβ42 -2.71 0.07 -5.71 0.29 -4.04 0.45 -15.3 7.25 
 NPI base   NPI 12m   

CSF NfL/aβ42 0.36 0.73 -1.72 2.45 2.1 0.04 0.07 4.13 

CSF YKL-40/aβ42 0.3 0.94 -7.83 8.44 16.93 0.000* 10.1 23.76 
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Aβ42: Beta-amyloid,  NfL: neurofilament light-chain, NG-36: neurogranin 36, YKL-40: Chitinase-3-like protein 

Figure 2: Spindle activity predicts CSF NfL, NfL/AB42 and YKL-40/AB42, while SO activity 

predicts plasma NfL and CSF NG-36. 
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Chapter IV: Exercise interventions benefit sleep in older adults: A systematic review and 

meta-analysis. 

 
Chapter summary: 

In the introduction, we presented and overview of evidence for the treatment of poor sleep 

and its importance for maintaining brain-health and preserving cognition in older adults. This 

chapter expands on that overview of evidence by investigating the evidence for the 

effectiveness of exercise interventions targeting sleep in older adults. It builds on the findings 

from chapters II and III that sleep physiology plays important roles in the progression of AD 

and cognitive decline for persons with AD, and evidence (chapter I)that exercise interventions 

target sleep physiology, with potential help preserve brain-health in older adults.  The 

effectiveness of exercise interventions targeting sleep in older adults is systematically 

reviewed and meta-analysed here, also providing a foundation for the meta-analysis of 

exercise interventions targeting sleep in persons with MCI or AD in chapter V. This chapter is 

currently under review in BMC Geriatrics,  as part of a special call for papers on sleep 

disorders and older adults, as “Exercise interventions benefit sleep in older adults: A 

systematic review and meta-analysis.” *Arsenio Páez, Emmanuel Frimpong , Thien Thanh 

Dang-Vu MD PhD1 Manuscript ID: 85fd58b4-fbe2-4183-bdb4-d31c9d7355f4 v1.0 
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ABSTRACT 

Background: Sleep plays a vital role in maintaining brain health, including regulating the 

clearance of proteins such as β-amyloid (Aβ) and tau linked to neurodegenerative diseases. 

Sleep loss in older adults is associated with multiple morbidities, poor brain-health, and 

increased mortality. Exercise is a promising, acceptable, and sustainable  intervention for 

poor sleep but the optimal mode, dose and intensity, and moderators of its effectiveness in 

older adults remain unclear.  

Study Objectives: To systematically review and meta-analyse data for the effects of exercise 

(both acute and regular) on subjectively and objectively-assessed sleep in older adults, 

including those with or without pre-existing sleep disturbances, and moderators of those 

effects, such as age, sex, exercise intensity, and duration.  

Methods: A systematic review and meta-analysis of controlled, interventional studies of 

structured physical activity and exercise targeting subjectively or objectively 

(polysomnography, actigraphy) assessed sleep in adults over 60 years of age, following the 

guidance of the Cochrane Handbook. Searches were conducted without date or language 

restrictions in PubMed, Embase, Scopus, the Cochrane Library.  

Results:  In a sample of studies representing the experiences of 8506 older adults across 82 

interventional studies, we found strong evidence for the beneficial effects of exercise on self-

reported and objectively measured sleep in older adults. There is a dose-response 

relationship between exercise and self-reported sleep in older adults, with moderate 

intensity exercise associated with the largest, clinically important benefits for sleep.  

Conclusions: The results of our meta-analysis have important implications for clinical care, 

health promotion and gerontology, supporting the development and dissemination of 
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effective exercise interventions for sleep difficulties that may also aid secondary prevention 

of sleep-related health problems in older persons. 

 

Keywords: sleep, insomnia, brain-health, exercise, physical activity, older adults, treatment 

effects, meta-analysis 
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1. BACKGROUND 

Sleep plays a vital role in maintaining brain health, including regulating the clearance of 

proteins such as β-amyloid (Aβ) and tau linked to neurodegenerative diseases.6,24 Sleep is 

also critical for learning and memory.14  Nearly half of persons over the age of 65 experience 

difficulty initiating or maintaining sleep, and up to 65% report disrupted or nonrestorative 

sleep, raising their risk of cognitive decline and neurodegenerative disorders such as 

dementia and Alzheimer’s disease (AD).53,58,62,70–72,334 Sleep loss is also associated with 

increased risk of mortality335 and a range of morbidities ranging from depression,2 to 

cardiovascular disease,3 falls,336,337 social disengagement,338and reduced quality of life.339,340 

Sleep problems also increase the probability of long-term care placement in older 

adults.341,342 Sedentariness, comorbidities, and polypharmacy can increase with age and are 

also associated with poor sleep, further reducing sleep quality in later life.62–64 

 

1.1 Interventions for poor sleep   

Given the strong associations between sleep and neurodegeneration, treating poor sleep 

may be  a preventive approach for preserving cognition and  brain health in older 

adults6,7,72,99,177 Non-pharmacological interventions can play an important role in treating 

sleep difficulties. Medications such as sedative antidepressants and  benzodiazepine receptor 

agonists can be effective short-term treatments, but do not treat the root causes of sleep 

loss.188 Their adverse effects, such as daytime drowsiness, sedation, and dependence, also 

limit their acceptability for users.189,204,343 Cognitive-behavioural therapy for insomnia (CBTi) 

is the preferred first-line treatment for insomnia disorder.181  However, it usually requires 6-

10 treatment sessions, can be expensive, and difficult to access.198,205–207  CBTi also typically 

achieves success in only two-thirds of patients.200,202,344 It is particularly effective for 
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improving subjective (self-reported), rather than objective (sleep architecture) sleep 

outcomes.201 Additionally, no current treatment for insomnia, including CBTi,  has been 

shown to improve cognition or biomarkers of neurodegeneration in older adults.210,211 This 

creates opportunities to complement CBTi  with exercise, which does targets sleep 

physiology including Non-Rapid Eye Movement (NREM) slow-wave activity 212–215, to  boost its 

effects and achieve wider efficacy.216–218 

 

1.11 Exercise, sleep, and brain-health 

Exercise is an accessible and sustainable intervention that improves sleep quality and has a 

range of benefits for health and quality of life.4,224 Exercise also improves sleep,  cognitive 

performance, and  psychological well-being in older adults224,227,231,241,243,244.  Moderate 

intensity physical activity and exercise are also associated with beneficial changes in 

cerebrospinal fluid biomarkers of neurodegeneration such as Aβ and tau linked to AD and 

dementia.249–252 Exercise is a modifiable lifestyle factor that can protect against functional 

and cognitive decline and mitigate the risk of dementia in older age.224,282It may be an ideal 

complement to other healthy lifestyle approaches for preserving brain health in older 

adults.218  

 

 There is a strong bidirectional relationship between exercise and sleep, but  the mechanisms 

underpinning the beneficial effects of exercise on sleep are less well understood.236 Several 

have been proposed, including exercise-induced reduction in systemic inflammation, changes 

in neurotransmitters regulating sleep, increased growth hormone and brain derived 

neurotrophic factor, changes in heart rate variability, body temperature, autonomic function, 

and entrainment of circadian rhythms and sleep wake cycles.224,241,243,244    
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Strong evidence supports beneficial effects of both acute and regular exercise on sleep 

quality and decreased use of sleep medications in younger and middle-aged adults.212,224 

However, there is mixed-evidence for the effectiveness of exercise interventions for sleep 

problems in older adults, or their effects on sleep architecture.212   The effect of moderators 

such as participant or intervention characteristics, the optimal exercise mode or dose, and 

dose-response relationships between exercise and sleep outcomes in older adults remain 

unclear and have not been systematically reviewed extensively.212,224 Previous  systematic 

reviews have also limited their also limited searches to publications in English212,271 or failed 

to include data from grey literature (non-commercially published literature, such as 

conference proceedings, government and non-governmental agency reports, etc)345 

introducing publication bias.345,346  

 

1.2 Purpose and objectives of this systematic review 

A systematic review of current evidence for the effects of exercise on sleep in older adults, 

including older adults with sleep problems, is needed to support appropriate targeting of 

exercise interventions for sleep and guide future research.  Our objectives were to: 

1. Systematically review and  meta-analyse data for the effects of exercise (both acute, 

or single bouts, and regular, or repeated bouts) on subjectively (self-reported) and 

objectively assessed sleep quantity, quality, or sleep architecture in older adults with and 

without sleep problems.  

2. Explore potential effect moderators, including associations between age, sex, exercise 

intensity and duration on the efficacy of exercise interventions for sleep in older adults.  
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3.  Determine the dose-response relationship between acute or regular exercise and 

sleep quality or quantity in older adults. 

 

2. METHODS 

Our systematic review and meta-analysis were conducted following recommendations of the 

Cochrane Handbook for Systematic Reviews of Interventions346 and reported along Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines347. The 

protocol (CRD42021289528) was registered  on PROSPERO348.  

 

2.1 Search Strategy and selection criteria 

We conducted systematic searches with keywords and Medical Subject Heading (MeSH) 

terms related to physical activity, exercise, strengthening (programs, activities, training), 

sleep, and sleep-related keywords, from inception and without language or date restrictions 

on PubMed, Embase, the Cochrane Library, Scopus, and PROSPERO. To ensure literature 

saturation, we undertook citation searching and re-ran keyword searches on PubMed limited 

to the most recent 12-months to capture papers not yet indexed under MESH 

(supplementary materials figure 1)  

 

Two reviewers screened search results against our eligibility criteria. Disagreements about 

eligibility were resolved through consensus. When necessary, study authors were contacted 

for additional information to resolve questions about papers’ eligibility or acquire additional 

data.  
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2.2 Eligibility criteria 

Eligible studies met the following criteria: 

P:  Included participants 60 years old or older, or extractable data for that age group. 

I: Interventional studies of structured physical activity or exercise (any mode, frequency, 

duration). 

C: Control interventions: no treatment, wait-list control, educational or non-exercise 

interventions.  

O: Sleep quantity, quality, or architecture, measured objectively (actigraphy, 

polysomnography) or subjectively (self-report  with validated scales or questionnaires such as 

the Pittsburgh Sleep Quality Index [PSQI]349 sleep diaries or logs), reported as a categorical or 

continuous outcomes. 

Study design: controlled, interventional studies. 

 

Single-subject, uncontrolled, or observational studies, case series, or studies reporting sleep 

as a dichotomous outcome were excluded. Studies of participants with disorders highly 

associated with poor sleep and difficulty exercising such as stroke, cerebral vascular accident, 

dementia and  major psychiatric disorders were excluded350.  

 

2.3 Data Extraction 

We extracted data for characteristics of individual papers (authors, year, design, population) 

and their samples (age, sex, and sleep difficulties). Exercise interventions and their 

characteristics (mode, intensity, duration, frequency) were extracted.  Exercise intensity was 

categorized as low, moderate, or high-intensity based on the American College of Sports 
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Medicine (ACSM) guidelines (supplementary materials, table 2).351 We extracted data for 

sleep outcomes (treatment effect estimates) as mean differences and measures of variance. 

 

2.4 Risk of Bias in included papers was assessed with the Cochrane Revised Tool to Assess 

Risk of Bias in Randomized Trials(RoB-2)352 and the Cochrane Risk Of Bias In Non-randomized 

Studies of Interventions (ROBINS-I)353 tool for non-randomised controlled studies. 

 

2.5 Meta- analysis 

We expected clinical and statistical heterogeneity between studies resulting from variable 

samples, interventions, and effect sizes. We conducted inverse-variance weighted random-

effects (Der Simonian and Laird) meta-analyses with Review Manager 5.41346.  We derived 

mean differences in sleep outcomes between experimental and control groups to calculate 

pooled intervention effect estimates346.  We assessed statistical heterogeneity using t2, Chi2 

(significance level: 0.1) and I2 statistics346. Statistical heterogeneity was also evaluated 

graphically in Forest plots.   Publication and reporting bias were explored with funnel plots. 

 

2.5.1  Sensitivity and subgroup analyses 

We conducted sensitivity analyses by risk of bias, and undertook subgroup analyses to 

explore sources of heterogeneity and differences in treatment effects between groups354–356  

These were based on age, sex357, sleep quality or sleep difficulties at baseline224, exercise 

characteristics including intensity (low, moderate, high-intensity), dosage, time of day212, and 

subjective versus objective sleep measures (disparities between subjective and objective 

sleep measures in older adults are frequently reported)358. We also performed random 
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effects (Der Simonian and Laird) meta-regression with STATA 16.1 to further investigate 

heterogeneity and associations between age (continuous and categorically), exercise dosage, 

or frequency (sessions or exposures to exercise per week) and total hours of exercise dose 

over the course of the study (times per week multiplied by hours per week and number of 

weeks) as both continuous and categorical variables, and risk of bias on sleep 

outcomes.54,212,359 

 

2.5.2 Other analyses 

We calculated  95% prediction intervals (PI) for pooled effect sizes to examine whether 

treatment effect estimates would vary across projected future studies of exercise for 

sleep.360 Prediction intervals estimate the expected range of true intervention effects in 

similar studies that might be conducted in the future or in different settings, also showing the 

range of possible intervention effects in relation to harm or clinical benefit, and giving a 

better sense of the uncertainty around effect estimates than confidence intervals when 

heterogeneity is high.360,361  

 

Publication and reporting bias for the primary meta-analyses were explored with funnel 

plots. 

 

3. RESULTS 

Our searches yielded 5783 publications (figure 1). After removing 1671 duplicates, 256 

papers were assessed by full text. Eighty-two interventional trial papers were included in the 

systematic review (75 in the meta-analysis). Included studies and their characteristics are 
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found in the supplementary materials (supplementary material, table 1). Thirty of the 82 

papers were assessed at low risk of bias, 40 at some concerns, and 12 at high risk of bias 

(figure 2). Studies with high risk of bias were excluded from meta-analyses. 

 

 

Figure 1: PRISMA flow diagram, search results and included papers. 

Records identified from: 
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Figure 2: Risk of bias in a. randomised controlled trials, b. non-randomised controlled trials. 

3.1 Sample characteristics 

a.

b.



 
  

 108 
 

The 82 included interventional studies represent the experience of 8506 persons(5122 

females),  with a mean age of 68 years (range of 55 years362-83 years363) recruited from 

community, clinical, and research settings. Included papers were published between 1990364 

and 2022363, with a mean sample size of 98 (median 118.5), ranging from 10283 to 1635365 

participants. Seven studies investigated the effects of exercise on sleep in participants with 

no diagnosed or subjectively assessed sleep disorders366–372, while 75 studies included 

participants with sleep disorders or poor sleep quality (PSQI >5) at baseline (supplementary 

materials table 1).  

 

3.2 Interventions 

A wide range of exercise frequencies and duration were reported. Only three studies244,373,374 

investigated the effects of acute bouts of 42244, 50374, or 60373 minutes of low374, 

moderate373, or high-intensity244 exercise on sleep. Seventy-nine studies investigated regular 

exercise programs, with dosages ranged from once weekly375,376 to daily bouts 272,368,377,378 

(mean 3.3) over one244,373,374 to 104365 weeks (mean 17.3 weeks, SD 15.7). Exercise duration 

ranged from 22 minutes379 to 150 minutes362 (mean 53.2 minutes, SD 19.1). The total 

exercise dose, calculated as the product of the frequency (days per week), duration (minutes 

or hours), and program length (days or weeks), ranged from 10.7380 to 433365 hours (mean 51 

hours, SD 63 hours). 

 

3.2.1 Exercise intensity:  Twenty-nine papers investigated low-intensity exercises, or those 

performed at <65% maximal Heart rate according to ACSM guidelines239 or <40% heart rate 

reserve (HRR)364. These included stretching, low-intensity aerobic exercise283,381,382, light 
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physical activity or exercises272,383, elastic band exercise384,385, resistive training, cycling or 

cycle ergometry364,386, Pilates exercises387,388,  overground walking programs365,368,380,389,390,  

treadmill walking at <50% age-predicted maximal heart rate374,391,  light or silver yoga392–395, 

aquatic exercise396, light Tai Chi.376,397,398  

 

Moderate-intensity exercises were most frequently investigated (57 trials), including aerobic 

exercise381,399,408,400–407, Baduanjin (a mind-body exercise program)409–411, cycling or bicycle 

ergometry244,386, walking412–414, Tai Chi371,379,385,398,415–418, treadmill279,419, resistance or 

strengthening exercise372,377,398,407,420–425, yoga375,426 or combinations of moderate-intensity 

exercises278,363,432–438,365,383,385,427–431. Thirteen studies investigated the effects of high-

intensity exercises,  including cycling366, treadmill273,279, aerobics439, resistance or strength 

training362,373,423, or combinations of high-intensity exercises279,435,440. 

 

3.3 Outcomes 

A variety of assessment tools were used to collect sleep outcomes, including sleep diaries, 

questionnaires, actigraphy, and polysomnography (PSG). Nine studies assessed sleep 

objectively with the gold-standard- PSG 244,272,273,373,376,378,403,424,441, collecting data for total 

sleep time (TST), sleep onset latency (SOL), wake time after sleep onset (WASO), sleep 

efficiency (SE), stages 1, 2,  slow wave sleep, rapid eye movement (REM) sleep, and REM 

sleep latency (table 2).  Nine collected sleep data using actigraphy (table 3).362,366,374,396,419,442 

The three eligible studies of acute exercise interventions244,373,374 used objective sleep 

measures, while regular exercise programs predominantly used subjective sleep assessments 

such as the PSQI.349 
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The majority of included studies (52) assessed the effects of exercise on subjectively assessed 

sleep with the PSQI349 and/or sleep diaries. Ten out of 52 studies investigated the effects of 

exercise on sleep in persons with baseline PSQI scores or <5, or no report of greater than 

mild sleep difficulties or diagnosed sleep disorders.273,366–368,370–372,397,400,435 Four 

studies365,383,398,414 assessed subjective sleep outcomes with the Insomnia Severity Index 

(ISI)193,  five365,368,376,406,443 with the Epworth sleepiness scale.444  Other sleep outcome 

measures used include the Athens Insomnia Scale194,376,398, Sleep Disorders 

Questionnaire,445,446 Mini-Sleep Questionnaire (MSQ),447 Sleep Problems Index from the 6-

item Medical Outcomes Study Sleep Scale,278,448, and customized sleep quality tools.364,428,449 

 

3.4 Meta-analyses 

Seventy-five studies, representing the experiences of 7287 participants across 79 

comparisons between exercise and non-exercise interventions were eligible for meta-

analysis.  

 

3.4.1 Subjective sleep assessments: PSQI 

Pooled results for 6119 participants in studies of any exercise intervention (all intensities and 

duration) showed improved subjective sleep the PSQI, with a pooled effect size of -2.51 

(95%CI:-3.03,-1.99) , or decrease of 2.51 points on the PSQI compared to control groups 

(figure 3).  
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ROB: risk of bias. PSQI: Pittsburgh Sleep Quality Index 

Figure 3: Forest plot, exercise versus non exercise and PSQI assessed sleep 

 

Subgroup analyses  by PSQI score at baseline found that persons without sleep problems at 

baseline (PSQI <5) 367,368,370–372 had small but not clinically significant  improvements in 

subjective sleep quality (-1.09 (95%CI:-2.16,-0.02), while a larger improvement (-2.66 

(95%CI:-3.17,-2.16) was found in participants with PSQI >5 at baseline (supplementary 

materials, figures 2-3). 
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3.4.2 Moderators of the effects of exercise on sleep- PSQI: 

Age 

Participants’ mean age was analysed categorically, in 5–6-year groups. Pooled PSQI scores 

increased with each age category between 55 years to 74.9 years old, with the highest 

treatment effect found among 70-74.9-year-old persons (-2.81, 95%CI:-4.73,-0.90) 

(supplementary materials, figure 4). 

 

Sex 

A total of 63.6% (5413) of participants across all included studies were female, yet only two 

studies including both sexes reported sleep outcomes separately for males and females.382,434  

Fourteen studies examined exercise for sleep in all-female 

samples278,374,433,439,450,451,375,387,388,391,401,406,417,430 , while 6 examined these in all-male 

samples 244,273,373,389,403,452. Larger beneficial effects on PSQI assessed sleep were found for 

females (MD -3.11, 95%CI:-4.91,-1.30) than males (MD -2.89, 95%CI:-4.05,-1.73) 

supplementary materials, figure 5). 

 

Exercise intensity 

There was a statistically significant difference and a dose-response453 relationship between 

exercise intensity and sleep outcomes on the PSQI (figure 4). Pooled treatment effect 

estimates of -2.08 (95%CI:-3.11,-1.06) were calculate for low-intensity exercise,-3.12 (95%CI:-

3.62,-2.61) for moderate-intensity exercise, and -1.02 (95%CI:-2.03, 0.00) for high-intensity 

exercise interventions. Only moderate-intensity exercise interventions achieved a minimum 

clinically important difference (MCID) of 3 points on the PSQI.454 Statistically significant 

improvements in PSQI scores were seen with all doses (number of times exercised per week x 
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hours x weeks duration) of moderate-intensity exercise when meta-analysed categorically by 

dose. 

 
Figure 4: Forest plot, PSQI scores by exercise intensity (low, moderate, high)
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3.4.3 Other subjective sleep outcomes  

Twelve studies reported data from sleep logs separately from PSQI data. Among these, 

exercise interventions were associated with large clinical and statistically significant 

improvements in total sleep time and sleep efficiency and significantly decreased sleep onset 

latency, wake after sleep onset compared to control groups (table 1). Four studies assessed 

sleep outcomes for 2,101 participants with the Insomnia Severity Index (ISI)193  Exercise 

interventions had a small, beneficial, but not minimally clinically or statistically significant455 

effect on ISI assessed insomnia (-2.05, 95%CI:-4.38, 0.28).365,383,398,414  Five studies assessed 

daytime sleepiness in 2096 participants with the Epworth sleepiness scale (ESS)444 

scale.365,368,376,406,443 Exercise had a small but not statistically significant beneficial effect (1.44 

95%CI:-2.96, 0.07) approaches a MCID of 2 points on the ESS.456 Forest plots can be found in 

the supplementary materials (supplementary figures 6-7). 

 

3.5 Objective sleep measures:  

Nine studies assessed sleep objectively with polysomnography (PSG), 

244,272,273,373,376,378,403,424,441  investigating the effects of acute moderate-intensity,244,457 or 

regular low272,283,376, moderate424 or high-intensity273,403 exercise . Seven 

studies244,272,273,373,403,424,441 scored PSGs using Rechstaffen and Kale’s criteira458, and 

two376,378 followed the American Academy of Sleep Medicine (AASM) Manual (2007 or 

subsequent updates).294 Among statistically significant meta-analysed findings, TST and SE 

increased by 12 minutes and 4.6%, respectively, while WASO decreased by 10 minutes 

among participants in exercise interventions compared to non-exercise controls (table 2). 

There was a non-statistically significant increases in SOL (1 min) among exercise group 
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participants, who also had more frequent (5) awakenings after sleep onset than control 

group participants. Exercise interventions produced non-statistically significant decreases in 

stage 1 sleep (-7 min), and NREM2 sleep (-5 minutes) compared to control groups. Exercise 

also produced statistically significant increases in NREM3 sleep of 7 and REM sleep of 6 

minutes, while REM sleep latency decreased by 25 minutes in exercise groups. 

 

Nine studies collected and reported actigraphy assessed sleep outcomes (table 

2)362,366,374,396,399,419,437,442,459, with exercise interventions resulting in beneficial changes in all 

actigraphy recorded sleep measures compared to non-exercise control groups (table 1). 

* favours control group, bold data favours exercise 

Table 1: Meta-analysis of pooled, PSG, Actigraphy, and sleep diary/log derived sleep measures 

3.51: Subgroup analyses, objectively assessed sleep outcomes 

Objective sleep measures  Pooled 
treatment 
effect 
(MD) 

95% CI I2  
(Hetero-
-geneity) 

N 
studies 

n sample mean age 
(range)  

Polysomnography (PSG)       
Total sleep time (min) 11.89 2.30, 21.48 0% 9 463 68.6 (60-90) 
Sleep efficiency (%) 4.64 3.85, 5.43 94% 9 463 68.6 (60-90) 
Sleep onset latency (min) 0.98* -0.01, 1.95 56% 8 361 67.2 (60-75) 
Wake after sleep onset (min) -9.64 -10.77, -8.50 36% 8 361 67.2 (60-75) 
Number of awakenings  4.90* 4.14, 5.66 60% 2 92 62.7 (57-70) 
NREM1 (min) -6.88 --14.75, 1.0 0% 5 204 68.8 (61-75) 
NREM2 (min) -5.02 -11.81, 1.76 31% 5 204 68.8 (61-75) 
NREM3 (min) 7.32 5.94, 8.69 96% 5 204 68.8 (61-75) 
REM (min) 6.40 1.16, 11.65 0% 5 260 70.3 (64-75) 
REM sleep latency (min) -35.4 -41.39,-29.69 96% 2   
Actigraphy sleep outcomes  MD 95% CI  N 

studies 
n sample mean age  

Total sleep time (min) 25.57 17.53, 33.62 18% 7 593 64.0 (60-75) 
Sleep efficiency (SE) (%) 4.44 2.36, 6.51 93% 7 706 64.55 (60-75) 
Sleep onset latency (SOL) (min) -4.44 -7.27, -1.62 96% 5 593 65.65 (60-75) 
Wake after sleep onset WASO (min) -11.12 -16.74, -5.50 91% 5 641 67.2 (60-75) 
Number of awakenings  -2.25 -3.45, -1.06 69% 2 61 64.7 (57-70) 
Subjective sleep outcomes (diaries) MD 95% CI  N studies n sample mean age  
Total sleep time (min) 31.56 18.47, 44.65 97% 8 845 67.9 (55-81) 
Sleep efficiency (SE) (%) 5.55 2.89, 8.21 41% 4 638 65.5 (62-81) 
Sleep onset latency (SOL) (min) -12.45 -16.13, -8.76 53% 7 789 67.9 (55-81) 
Wake after sleep onset WASO (min) -24.30 -37.30, -

11.31 
98% 3 614 65.1 (55-81) 

Number of awakenings  -0.17 -0.44, 0.10 0% 4 624 65.5 (62-81) 
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The mean ages and ranges of participants in studies reporting objectively assessed sleep 

outcomes did not allow for subgroup analyses by age. Additionally, an insufficient number of 

studies reporting objectively-assessed sleep outcomes also reported data for male and 

female participants separately or examined recruited all male or all female participants to 

allow for subgroup analysis of objectively measured sleep by sex.  However, it was possible to 

conduct subgroup analysis for objectively measured sleep outcomes by exercise intensity 

(low, moderate, or high, as reported previously in this review). Moderate-intensity exercise 

was associated with greater, statistically significant improvements in total sleep time and 

wake after sleep onset than low or high-intensity exercise (table 2). Low-intensity exercise 

was associated with greater, statistically significant improvement in sleep efficiency and sleep 

onset latency than moderate or high-intensity exercise.  

 

* favours control intervention.  PSG: Polysomnography  

Table 2: Subgroup analysis- objectively measured sleep outcomes by exercise intensity. 

 

3.6 Heterogeneity in the meta-analyses 

Substantial heterogeneity was found in pooled meta-analyses of PSQI-assessed sleep. This 

may be influenced by  clinical variability and lack of uniformity among exercise interventions 

and doses. Meta-regression found that only exercise intervention duration (in weeks), had a 

statistically significant (p=0.014) effect on heterogeneity, with PSQI scores increasing by 0.68 

Objective measures  
 (PSG, Actigraphy) 

Low intensity 
Pooled effect 
and 95% CI 

I2  
(Hetero-
geneity) 

Mod.  intensity 
Pooled effect 
and 95% CI 

I2  
(Hetero-
geneity) 

High intensity 
Pooled effect and 
95% CI 

I2  
(Hetero-
geneity) 

Total sleep time (min) 3.11 (-4.94, 11.7) 0% 25.01 (20.0, 30.0) 0% 15.53 (3.17, 
27.89) 

0% 

Sleep efficiency (%) 5.41 (3.22, 7.59) 0% 4.78 (2.29, 7.27) 68% 4.4 (-0.38, 9.18) 43% 
Sleep onset latency 
(min) 

-5.10 (-10.22, 
0.01) 

65% -0.31 (-2.30, 1.68) 82% 1.59 (0.06, 3.13)* 30% 

Wake after sleep 
onset (min) 

-16.67 (-27.38, 
-5.96) 

7% -19.56 (-27.63, 
-11.5) 

54% -14.78 (-20.27, 
-9.29) 

0% 
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(95%CI:0.14,1.22) with every 11-week increase in intervention duration (supplementary 

materials, table 3). The effect remained statistically significant when adjusted for age, total 

hours (dose) of intervention and risk of bias. Generally, lower heterogeneity was found for 

polysomnography-assessed sleep outcomes, except for sleep efficiency. The highest overall 

heterogeneity was found in actigraphy-assessed sleep outcomes. There were not enough 

studies reporting either to allow for meta-regression to explore sources of heterogeneity. 

 

3.7 Prediction intervals 

The 95% PIs (table 3) were wider (less precise) than confidence intervals but did not change 

the statistical significance in most of the treatment effect estimates, suggesting the stability 

of the meta-analyses results and predicted benefit of exercise for sleep in future studies.  

 

Outcome  
(Low-mod risk of bias only) 

mean and 95% CI 95% PI  

All exercise-Pittsburgh Sleep Quality Index (PSQI) -2.51 (-3.03, -1.99) -4.79, -0.23 

PSQI <5 at baseline -1.09 (-2.16,-0.02) -4.49, 2.31 

PSQI >5 at baseline -2.66 (-3.17, -2.16) -5.28, -0.42 

PSQI> 5, Low intensity -2.08 (-3.11,-1.06) -4.88, 0.70 

PSQI> 5, Moderate intensity -3.12 (-3.62, -2.61) -5.76, -0.47 

PSQI> 5, High intensity -1.02 (-2.03, 0.00) -4.33. 2.29 

Table 3: 95% prediction intervals (PI) 
 

3.8 Publication bias 

No obvious asymmetries were found on visual inspection of funnel plots for the main 

outcomes in the meta-analysis, indicating publication bias is unlikely (figure 8, supplementary 

materials). 

 



 
  

 118 
 

4. DISCUSSION 

We systematically reviewed and meta-analysed evidence for the effectiveness of exercise 

interventions targeting sleep in older adults. To the best of our knowledge, this is the largest 

sample of interventional studies of exercise and physical activity targeting sleep to be meta-

analysed, representing the experiences of 8506 older adults across 82 studies.  We found 

strong evidence for the beneficial effects of exercise on subjectively and objectively assessed 

sleep and a dose-response relationship between exercise and sleep in older adults. The 

results of our meta-analysis have important implications for clinical care, gerontology and 

health promotion. 

 

4.1 Subjectively-assessed sleep  

Exercise and physical activity interventions benefit subjectively-assessed sleep. While all 

exercise participant subgroups reported improved subjectively assessed sleep, significantly 

larger reductions in PSQI scores were found in participants with sleep difficulties at baseline 

(PSQI >5) -2.66 (-3.17,-2.16) than in good sleepers (-1.09 95%CI:-2.16,-0.02). The prediction 

intervals for our main analyses also suggest that future studies of exercise for sleep in older 

adults would find exercise benefits sleep in older adults, with PSQI scores decreasing by -5.28 

to -0.42 in persons with poor sleep.  These findings are noteworthy, given that decreased 

perceived sleep quality has been associated with decreased quality of life and mental health 

among older adults.460  

 

Our results extend those of Vanderlinden 271, Kredlow224, Yang461,  and Dolezal277,  who found 

that regular exercise interventions were associated with significant improvements in PSQI 

total scores in older adults.  In contrast to Yang’s findings, however, we found participants in 
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exercise interventions self-reported (sleep diaries) statistically significant improvements in 

total sleep time, SOL, SE, and WASO compared to those in control conditions (table 2).  These 

differences may arise from the larger number of studies meta-analysed in our review and 

reporting these sleep measures.   

 

4.1.1 Moderators of the effect of exercise on  subjectively-assessed (self-report) sleep 

Important participant characteristics such as age and sex are not well addressed in the 

current evidence-base.  A large proportion of the studies we reviewed had samples made up 

of 50% or greater females, and females made up 63.6% of the 8506 persons whose data was 

pooled in our review.  Despite this, very few adjusted analyses for sex or present data for 

males and females separately. The lack of exploration of sex differences in the evidence-base 

is important, given the higher risk and prevalence of poor sleep, insomnia, physical inactivity, 

and disorders influenced by them, such as dementia and Alzheimer’s disease,  among 

females than males.77,357,462 Larger beneficial effects on PSQI assessed sleep were found for 

females (MD -3.11, 95%CI:-4.91,-1.30) than males (MD -2.89, 95%CI:-4.05,-1.73) in our meta-

analysis, further highlighting the importance of investigating sex-based differences in the 

effects of non-pharmacological interventions for poor sleep in older adults. 

 

We also found a linear relationship between age and the effects of exercise on PSQI scores, 

with the greatest benefits seem among 70–75-year-olds (-2.81, 95%CI:-4.73,-0.90). The 

effects of exercise decreased among adults over 75 years of age (-1.95, 95%CI:-2.63,-1.27). 

The reasons for this decrease cannot be determined in our meta-analysis. They may reflect 

underlying, age-related neurobiological changes including neural atrophy, decreased 

neuroplasticity, or changes in neuroendocrine and neuromodulatory functions, or decreased 
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ability to participate in physical activity, frailty, comorbidities, or polypharmacy influencing 

exercise capacity and sleep.463,464 

 

4.1.2 Exercise intensity, dosage, and mode 

While all three exercise intensities (low, moderate, or high) were associated with improved 

self-reported sleep quality,  we found the largest effect and minimal clinically important 

different change on the PSQI with moderate-intensity exercise interventions.454  Moderate-

intensity exercises, at a range of frequencies and durations, were most frequently associated 

with improvements in sleep in our review, supporting a growing body of evidence finding 

that they are most likely to result in significant improvements in sleep outcomes in older 

adults.271,278,279 

 

Important questions remain about whether there is a minimal dose of exercise (intensity, 

frequency, duration,) below which sleep is not improved, and whether higher doses of 

exercise result in greater improvements in sleep.212,224,277  Few studies compared the 

effectiveness of different exercise intensities or dosages within the same study.279,362,423  

However, our finding that high-intensity exercise had the lowest effect on sleep suggest that 

there may be an intensity upper threshold for the beneficial effects of exercise in sleep in 

older adults.279  Similar thresholds have been proposed for the effects of exercise on 

cognition in older adults, with one meta-analysis of 44 RCTs finding no minimal threshold for 

the beneficial effects of exercise on cognition, but higher doses yielding less clear benefits.230  

The mechanisms underlying the effects of high-intensity exercise on sleep remains uncertain. 

It has previously been suggested that high-intensity exercise may lead to muscle soreness, 

increased oxygen deficit, or increased physiological arousal, dampening the beneficial effects 
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of exercise on sleep in older adults.423  However, our previous meta-analysis found that 

acute, high-intensity exercises performed 2-4 hours before bedtime does not disrupt night-

time sleep in healthy, young and middle-aged adults.  

 

The dose-response effect may be moderated by other factors, including how various modes 

of exercise influence the mechanisms by which exercise influences sleep240 Several potential 

mechanisms have been proposed, but uncertainty remains about how exercise influences 

sleep. Features of exercise programs, such as their frequency, duration, or the time of day 

may also influence these effects. Our meta-regression analyses found longer intervention 

durations (number of weeks) yielded smaller improvement in self-reported sleep quality on 

the PSQI. A meta-analysis of 22 RCTs of exercise for insomnia by Xie also found short-term 

interventions (up to 3 months) resulted in significantly greater reductions in sleep 

disturbance than long-term interventions (>3 months).465  This may reflect decreasing 

participant adherence to interventions spanning several weeks due to a complex array of 

inter-personal and contextual factors.466   

 

These findings may also reflect changes in participants’ other risk factors for poor sleep or 

changes in their health over time. In studies with education-based control conditions or wait-

list controls, participants may also have engaged with other interventions or activities 

facilitating lifestyle changes influencing sleep, such as relaxation, lifestyle changes or drug 

treatments.  

 

The mechanistic pathways may also differ between acute and regular exercise,241 but the 

effects of acute exercise on sleep in older adults and older adult have been under 
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investigated.244,373,374,467  It is not well understood whether a single exercise bout impacts the 

corresponding night's sleep in older adults with poor sleep, presenting an important 

opportunity to investigate whether acute exercise can benefit sleep in situations where sleep 

is restricted by necessity or demands arising from daily life. 

 

Our results support the benefits of exercise for sleep quality in older adults, but we cannot 

determine whether improvements are also due to exercise mode (ex. aerobic, resistance, 

mind-body, etc), frequency, or duration. At least 16 distinct modes, from yoga to aerobics, 

were identified in various frequencies and durations.  Few studies directly compared the 

impact of different exercise modes on sleep.  Previous meta-analyses found no differences in 

sleep outcomes between acute or regular  bouts of moderate-intensity aerobic or anaerobic, 

resistance or mind-body exercise, suggesting that exercise intensity, rather than mode, may 

have a greater influence on sleep outcomes.224,362,465,468    

 

4.1.3. Moderating factors 

Given the available evidence, key questions about other potential moderators of the dose-

response relationship between exercise and sleep, such as exercise timing, cannot currently 

be answered. The optimal time of day to perform exercise to influence sleep remains 

uncertain. Few studies examined the relationship between exercise timing and sleep in older 

adults. No controlled studies in our meta-analysis directly compared exercise at multiple 

times of day in older adults, and few studies reported the time of day exercise took place.283 

Evening exercise has been associated with significantly improved subjectively and objectively 

measured sleep latency and  satisfaction and larger effects on sleep compared to morning 

exercise,283 but these results have not been replicated in other studies.469 Given the potential 
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influence of circadian rhythms and other factors on both sleep and exercise, further research 

examining the timing of exercise interventions is needed. 

 

Key participant characteristics, such as baseline fitness levels and use of sleep-influencing 

medications were also poorly reported among included studies. For example, Insufficient 

data was available to investigate the effect of baseline fitness on treatment outcome. For 

example,  17 studies reported investigated the effects exercise on sleep in sedentary older 

adults, but few studies reported objective baseline fitness measures. Their influence on the 

results of studies we reviewed cannot be quantified.  

 

4.2 Objectively assessed sleep 

We also found statistically significant improvements in actigraphy and polysomnography 

measured TST, sleep efficiency (SE), sleep onset latency (SOL) and WASO for participants in 

exercise interventions compared to control groups, supporting previous findings that both 

acute and regular exercise can increase TST and sleep efficiency, and reduce WASO in 

adults.224 These findings can have important implications for older adults, as decreased SE 

and increased SOL or WASO have been associated with increased morbidity and mortality in 

older adults and are targets of interventions for poor sleep,470  

 

A dose-response effect was also observed, in which low-intensity exercise produced greater 

improvements in SE and SOL, while moderate-intensity exercise produced greater benefits 

for TST and WASO compared to high-intensity exercise (table 2). There is a lack of consensus 

on the mechanisms underlying the effects of exercise on sleep, making it difficult to 

determine why lower and moderate intensity exercise produced greater benefits in 
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objectively measured sleep.236 It may be possible that lower and moderate intensity exercises 

are more acceptable to a broader population of older adults and are associated with a lower 

risk of injuries than higher intensity exercise, improving their exercise adherence and 

producing more robust results among participants in low and moderate-intensity exercise 

programs compared to high intensity exercise-programs.471 Exercise adherence was very 

infrequently reported among the studies included in our systematic review, making it 

impossible to determine this empirically with the current-evidence base. 

 

Few controlled trials investigated the effects of exercise on sleep microarchitecture in older 

adults, and only a handful of studies reported statistically significant changes in time 

participants spent in individual sleep stages.272,273,373,403,424,441 We found statistically 

significant increased NREM3 sleep and rapid eye movement (REM) sleep, along with reduced 

REM sleep latency, supporting previous findings about the effects of exercise on sleep 

architecture.240  Regular exercise has previously been shown to increase the duration of 

NREM 3 sleep or slow wave sleep (SWS) in younger and middle-aged adults224,240, and SWS in 

healthy older adults.276  

 

This has important implications for brain-health in older adults. A significant inverse 

correlation has been found between cerebrospinal Aβ levels, SWS duration and continuity, 

and slow wave activity (SWA)  in cognitively normal older adults, suggesting that sleep 

disturbances might drive increased soluble brain levels of Aβ prior to amyloid deposition.140  

Loss of normal slow wave physiology has been linked to cognitive impairment and 

pathophysiological changes in older adults at risk of, and already diagnosed with,  AD.33–35 

Decreased NREM SWA has also been associated with Aβ and tau deposits and 
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neurodegeneration in cognitively normal older adults and in those in the early stages of 

AD35,135 Decreased SWS and REM sleep are also significantly associated with the severity of 

cognitive impairment in  persons with AD29,78.  

 

Contrary to previous studies, however, we did not find statistically significant changes in 

objectively measured NREM1 or NREM2 sleep among exercise groups compared to control 

groups.277 These divergent findings may result from the wide range of experimental 

conditions and procedures investigated in eligible studies, modifying factors such as age, sex, 

or setting, and confounding of effects by comorbidities (for example, sleep apnoea) and 

other factors not controlled for (ex. daytime naps). Characteristics of the interventions 

themselves, including the time of day they were performed and dosage may also moderate 

the effects of exercise on sleep architecture.472   

 

The smaller number of eligible studies assessing sleep with polysomnography or actigraphy 

also reported key moderating factors such as age, sex, baseline physical fitness or exercise 

characteristics less frequently than papers assessing sleep through subjective assessments, 

making it impossible to investigate the influence of those factors on the results of objective 

sleep outcomes in our meta-analyses.  

 

4.3 Strengths and Limitations 

Our review has several strengths. We followed a carefully developed protocol with 

comprehensive search strategies, finding studies in several languages and settings which had 

not been previously meta-analysed, to the best of our knowledge. Publication bias was not 
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found in funnel plot analyses and is unlikely in our review.  Subgroup analyses and meta-

regression were also kept to a minimum, reducing the risk of spurious associations. We also 

used prediction intervals, in addition to confidence intervals, exploring the potential for harm 

or clinical benefit in future studies of exercise interventions targeting sleep in older adults.473  

 

There are also  limitations in this review. Few studies examined aspects of the relationship 

between exercise and sleep, such as the time-of-day participants exercised, or key participant 

characteristics, such as baseline fitness levels, the presence or severity of sleep apnoea, lack 

of reporting of apnoea-hypopnea index (AHI) or use of medications influencing sleep, as well 

as the influence of lifestyle or environmental factors on participants’ sleep. The evidence-

base for exercise and sleep in older adults also has limitations, including differences in 

studies’ designs, heterogeneic samples, and unanticipated confounding factors and inherent 

biases which may distort the magnitude of their effects and the results of meta-analyses. 474 

We limited meta-analysis to controlled studies with low to moderate risk of bias to minimize 

these effects, and our eligibility criteria were designed to reduce potential confounding in our 

analyses.  Our subgroup, sensitivity, and meta-regression analyses found no change in the 

direction or magnitude of pooled treatment effects for exercise on sleep.  

 

4.6 Recommendations for future research 

Our systematic review highlights important areas in need of further investigation. The 

optimal time of day to preform exercise to influence sleep remains uncertain. Controlled 

trials investigating the effect of the timing (time of day) of exercise interventions targeting 

sleep in older adults are needed.  Similarly, very few studies have investigated the effects of 
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different doses and exercise intensities on either subjectively or objectively measured sleep 

in older adults, and the most influential moderators of these relationships remains unclear. 

As a result, the optimal amount of exercise needed to improve sleep in older adults cannot 

be determined with certainty with currently available evidence. The effects of acute exercise 

or sleep restriction on sleep or the effectiveness of physical activity interventions targeting 

sleep in older adults have also not been investigated extensively but  may yield important 

insights into the mechanisms and moderators of the bidirectional relationships between 

sleep, physical activity, and cognition. Given the many physical and mental health benefits 

associated with both improved physical activity and improve sleep, these areas for future 

research are critical for clinicians, policymakers, and the public to make informed choices 

about exercise interventions targeting improved sleep, activity, and quality of life in older 

adults. 

 

The effects of exercise on sleep architecture and microarchitecture in older adults has 

generally been under investigated. These are important evidence gaps, given that better 

understanding of the mechanisms underpinning physical exercise and sleep and their effects 

on brain processes during sleep could provide important information leading to more 

effective exercise interventions aimed at maintaining or improving the memory functions of 

sleep.240  This may also be of particular importance for persons at risk of, or in the early 

stages, of cognitive decline and their caregivers.  

 

5. Conclusion 
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Poor sleep is one of the most frequently reported health problems among older adults and is 

strongly associated with poor brain-health and reduced quality of life.475 Sleep may also be 

one of the most important modifiable risk factors for a range of health conditions, including 

functional and cognitive decline and dementia in older adults.6,77  We found strong evidence 

for the beneficial effects of exercise on self-reported and objectively measured sleep in older 

adults, including those with poor sleep. 

 

Our findings have important implications for public health. Exercise is a widely accessible and 

sustainable intervention for sleep difficulties that can be performed by persons of almost any 

physical ability in most settings, inexpensively or cost-free. Our results show that even low 

intensity exercise can improve older adults’ sleep. Exercise is also associated with a range of 

benefits for health and quality of life and may protect against functional and cognitive decline 

in older age. With ageing and increasingly sedentary populations, there is growing and 

pressing need for sustainable and effective interventions, like exercise, for poor sleep. The 

results of our systematic review support the development and dissemination of effective 

exercise interventions for sleep difficulties that may also aid secondary prevention of sleep-

related health problems in older adults.  
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Chapter V: The effectiveness of exercise interventions targeting sleep in older adults with 

cognitive impairment or Alzheimer’s Disease and Related Dementias (AD/ADRD): A 

systematic review and meta-analysis. 

 
Chapter summary: 

In this chapter, we build on the findings of previous chapters by systematically reviewing and 

meta-analysing evidence  for the effectiveness of  exercise interventions targeting sleep in 

older adults with MCI or AD. This is the first such systematic review or meta-analysis, finding 

moderate to high quality evidence for the beneficial effects of exercise on sleep in older 

adults with cognitive impairment and AD/ADRD. The results of our systematic review support 

the development and dissemination of effective exercise interventions for sleep difficulties in 

persons with AD This chapter was published as “The effectiveness of exercise interventions 

targeting sleep in older adults with cognitive impairment or Alzheimer’s Disease and Related 

Dementias (AD/ADRD): A systematic review and meta-analysis220” in  The Journal of Sleep 

Research, the journal of the European Sleep Research Society, in 03/24.    
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ABSTRACT 

Sleep loss is associated with reduced health and quality of life and increased risk of 

Alzheimer’s Disease and Related Dementias (AD/ADRD). Up to 66% of persons with AD/ADRD 

experience poor sleep, which can predict or accelerate the progression of cognitive decline. 

Exercise is a widely accessible intervention for poor sleep that can protect against functional 

and cognitive decline. No previous systematic reviews have investigated the effectiveness of 

exercise for sleep in older adults with mild cognitive impairment(MCI) or AD/ADRD.    

 
We systematically reviewed controlled interventional studies of exercise targeting 

subjectively or objectively (polysomnography/actigraphy) assessed sleep in persons with MCI 

or AD/ADRD. We conducted searches in PubMed, Embase, Scopus, and Cochrane-

Library(n=6745).  Nineteen randomised and one non-randomised controlled interventional 

trials were included, representing the experiences of 3278 persons with MCI or AD/ADRD. 

Ten had low-risk, nine moderate-risk, and one high-risk of bias. Six studies with subjective 

and 8 with objective sleep outcomes were meta-analysed (random-effects model).  We found 

moderate to high quality evidence for the beneficial effects of exercise on self-reported and 

objectively-measured sleep outcomes in persons MCI or AD/ADRD. However, no studies 

examined key potential moderators of these effects, such as sex, napping, or medication use.  

 
Our results have important implications for clinical practice. Sleep may be one of the most 

important modifiable risk factors for a range of health conditions, including cognitive decline 

and the progression of AD/ADRD.  Given our findings, clinicians may consider adding exercise 

as an effective intervention or adjuvant strategy for improving sleep in older persons with 

MCI or AD/ADRD.  

Keywords: exercise, sleep, mild cognitive impairment, dementia, Alzheimer’s disease  
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INTRODUCTION 

Sleep plays vital roles in brain health, including regulating clearance of proteins (e.g. β-

amyloid) linked to neurodegenerative disorders.6,24 Nearly half of persons over the age of 65 

experience difficulty initiating or maintaining sleep53,334,476,477, and up to 65% report 

disrupted or non-restorative sleep58.  Sleep loss is associated with increased risk of falls, 

social disengagement, and reduced quality of life in older adults102. Poor sleep also increases 

the risk of mortality478  and a range of morbidities ranging from cardiovascular disease and 

dementia to Alzheimer’s Disease and Related Dementias (AD/ADRD)102.   

 

Up to 66% of persons with AD/ADRD report or experience poor sleep, and it can predict or 

accelerate the progression of cognitive decline6,7,99.  Sleep disorders, including insomnia, 

restless leg syndrome, and sleep apnoea can often appear in the preclinical stage of 

AD/ADRD and changes in sleep patterns in older adults can increase the risk of AD/ADRD6,8. 

Sleep disturbances induce systemic and central nervous system inflammation, 

neurophysiological changes, and increased tau and β-amyloid burden in the brain that may 

drive the onset and progression of AD/ADRD disease6. Poor sleep has also been linked to 

declines in functional connectivity between brain regions and networks linked to cognitive 

decline in AD/ADRD disease and other neurodegenerative disorders 145.   

 

Sleep disorders are also one of the leading causes of caregiver stress and institutionalization 

for persons with AD/ADRD77,162. In older adults and persons with AD/ADRD, the combination 

of sleep problems and medications used to treat poor sleep may also increase the risk of 

falls479, while a history of falls also considerably increases the risk of institutionalization, 

morbidity and mortality in persons with AD/ADRD479–482. Caregivers of persons with AD also 
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experience increased risk of insomnia, mental and physical health difficulties, and increased 

mortality, with considerable costs to healthcare systems and communities483,484. Insomnia is 

also associated with considerably higher healthcare costs and healthcare resource utilisation 

in persons with ADRD compared to those without insomnia485. 

 

Interventions for sleep   

Non-pharmacological strategies play an important role in treating poor sleep486,487. Cognitive-

behavioural therapy for insomnia (CBTi) is the preferred first-line treatment for insomnia 

disorder190. However, it often requires 6-10 treatment sessions, may be expensive and 

difficult to access198,205–207. Deficits in cognition, executive function, arousal and awareness 

associated with AD/ADRD progression may also make CBTi unfeasible in later stages of 

dementia or AD/ADRD488–490. Additionally, CBTi typically achieves success in only two-thirds 

of participants200,202,344 and is particularly effective for improving subjective, rather than 

objective (sleep architecture) sleep outcomes.201 This may be an important consideration, 

given that loss of normal Non-Rapid Eye Movement (NREM) sleep slow wave activity has 

been linked to cognitive impairment in older adults and pathophysiological changes in 

Alzheimer’s disease33–35,48–50.  

 

Medications such as benzodiazepine receptor agonists and sedative antidepressants can be 

effective short-term (1-12 weeks) treatments but do not treat the root causes of sleep 

loss188. Sleep loss in persons with AD or dementia may be caused by a variety of factors 

ranging from, age-related changes the brain, age-related changes in sleep and circadian 

rhythms, sleep apnoea, parasomnias such as REM behaviour disorder (RBD), chronic illnesses, 

medication effects, impaired mobility, environmental influences (e.g. institutionalisation), 
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reduced brain performance, or AD/ADRD disease progression6,9,491–495.  The adverse effects of 

medications used to treat poor sleep, including daytime drowsiness, sedation, and 

dependence, may also limit their acceptability for patients and their caregivers189.  There is 

also limited evidence for the effectiveness of pharmacological treatment of insomnia in 

persons with dementia496.  

 

Exercise is a promising, widely accessible, highly customisable intervention for sleep 

difficulties that can be performed in most settings, by persons of almost any ability, 

inexpensively or cost-free224,497. Exercise refers to intentional, structured physical activity, or 

physical activity that is planned and repetitive with a goal of  improving or maintaining health 

or physical fitness498,499.  Physical activity includes any bodily movement produced by skeletal 

muscles that results in energy expenditure and can include occupational, household,  sports, 

exercise, conditioning, or other activities498,499. 

 

Exercise is associated with a range of benefits for health and quality of life in older adults4,224. 

It may also protect against functional and cognitive decline in older age, and benefits 

cognition and several neuropsychiatric symptoms, such as depression, mood, and agitation in 

persons with AD/ADRD332,500,501. Exercise also targets sleep physiology including NREM slow-

wave activity 212–215, which has been linked to memory consolidation in older adults7,48–50.  

 

There is a robust bidirectional relationship between exercise and sleep212. Strong evidence 

supports the beneficial effects of exercise on sleep quality and decreased use of sleep 

medications in older adults212,224,271. However, less is known about the effectiveness of 

exercise for sleep problems in older adults with cognitive decline, dementia, or AD/ADRD212.   
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To the best of our knowledge, no previous systematic reviews have investigated the 

effectiveness of exercise or structured physical activity interventions targeting sleep in older 

adults with cognitive impairment or AD/ADRD.   A systematic review of current evidence is 

needed to support  clinical care for older adults affected by cognitive decline and  guide 

future research.  This systematic review critically appraises and meta-analyses available 

evidence to determine the effectiveness of exercise interventions targeting subjective or 

objective sleep outcomes in older adults with Mild Cognitive Impairment (MCI) or AD/ADRD. 

 

METHODS 

Our systematic review and meta-analysis were conducted following the Cochrane Handbook 

for Systematic Reviews of Interventions346 recommendations and reported along Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines347 (PRISMA 

checklist is included in the supplementary materials). The protocol (CRD42021289528) was 

registered  on PROSPERO348.  

 

Eligibility criteria for the systematic review: Eligible studies met the following criteria: 

P:  Included participants ≥ 60 years old with cognitive impairment, MCI, or AD/ADRD, or 

extractable data for that age group.  

Participants must have a clinical diagnosis of MCI or AD/ADRD at baseline. Diagnosis 

of MCI must be made according to recognized criteria, such as the recommendations 

from the National Institute on Aging-Alzheimer’s Association workgroups on 

diagnostic guidelines for Alzheimer's disease287,502,  Petersen’s criteria (P-MCI)503, or 

the Diagnostic and Statistical Manual of Mental Disorders (DSM)504, or using validated 
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cognitive screening tools (e.g. Montreal Cognitive Assessment [MoCA]505, Mini Mental 

State Examination [MMSE]505) and qualitative clinical information.  

 

Diagnosis of Alzheimer’s disease must be made according to recognized criteria, 

including the National Institute of Neurological and Communicative Disorders and 

Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-

ADRDA) criteria506, the National Institute on Aging-Alzheimer's Association 

workgroups on diagnostic guidelines for Alzheimer's disease287, the Diagnostic and 

Statistical Manual of Mental Disorders criteria504, or ; other method of formal medical 

diagnosis reported in the paper. 

 

I: Interventional studies of exercise (any mode, frequency, duration). 

C: Control interventions: no treatment, wait-list control, educational or non-exercise 

interventions.  

O: Sleep quantity, quality, or architecture, measured objectively (actigraphy, 

polysomnography) or by self-report (ex: the Pittsburgh Sleep Quality Index [PSQI]507, sleep 

diaries…), reported as a categorical or continuous outcome. 

Study design: controlled, interventional studies. 

 

Exclusion criteria: Single-subject, uncontrolled, or observational studies, case series, or 

studies reporting sleep as a dichotomous outcome were excluded. Studies of participants 

with disorders highly associated with poor sleep and difficulty exercising such as stroke, 
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cerebral vascular accident, or major psychiatric disorders (other than MCI or AD/ADRD) were 

excluded350. We did not restrict eligibility by the study location or study sample size.  

 

Eligibility for meta-analysis: To be eligible for meta-analysis, papers included in the 

systematic review had to report sleep quantity, quality, or architecture, measured objectively 

(actigraphy, polysomnography) or by self-report (ex: the Pittsburgh Sleep Quality Index 

[PSQI]507, sleep diaries…) as a continuous outcome. To minimise the potential for biased 

pooled treatment effects arising from poor study quality, we limited our meta-analyses to 

studies with low or moderate risk of bias on the Cochrane ROB, excluding those at high risk of 

bias. 

 

Information sources and search strategy  

We conducted systematic searches with keywords and Medical Subject Heading (MeSH) 

terms related to physical activity, exercise, sleep, cognitive impairment, MCI, dementia, or 

AD/ADRD,  from inception and without language restrictions on PubMed, Embase, the 

Cochrane Library, Scopus, and PROSPERO (supplemental material). To ensure literature 

saturation, we undertook citation searching and re-ran keyword searches on PubMed limited 

to the most recent 12-months to capture papers not yet indexed under MESH.  

 

Records identified through the literature and citation-list searches were imported to the 

Mendeley reference management program and duplicates were removed. We also created a 

Microsoft Excel spreadsheet with the records identified through our literature and citation 

searches and visually scanned for duplicates to confirm no duplicates were missed.  In our 
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selection process, two reviewers (AP and EF) independently screened a selection of 100 

records from our search results against our eligibility criteria to pre-test and refine our 

eligibility criteria and establish inter-rater reliability. Subsequently, these two reviewers 

independently screened all search results against our eligibility criteria, first by title and 

abstract and then by full text (see figure 1). Full-texts for all potentially eligible studies were 

retrieved.  When necessary, study authors were contacted for additional information to 

resolve questions about papers’ eligibility or acquire additional data for data extraction or 

synthesis and registered or published study protocols were consulted when available. 

Disagreements about eligibility were resolved through consensus. Records not meeting our 

inclusion criteria were excluded and the reason for exclusion was recorded at the full-text 

screening.  

 

Data extraction and data items 

A data extraction sheet was developed with Microsoft Excel and pilot tested with 10 

randomly selected eligible papers. One reviewer (AP) performed the initial data extraction for 

all included papers and a second reviewer (EF) checked the data extraction. We extracted 

data for study characteristics (authors, year, design, population), sample characteristics (age, 

gender, diagnoses) at baseline, exercise interventions (mode, intensity, duration, frequency), 

and effect measures.  

 

Effect measures 

We extracted data for self-reported or objectively measured sleep outcomes  (sleep duration, 

sleep architecture and microarchitecture, and sleep quality) measured through actigraphy, 
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polysomnography (PSG), sleep diaries, and subjective assessments including the Pittsburgh 

Sleep Quality Index (PSQI)349, Insomnia Severity Index (ISI)193,  Mini-Sleep Questionnaire 

(MSQ)447,  Neuropsychiatric Inventory (NPI)508, Sleep Disorders Inventory (SDI)509,  and 

customized sleep quality tools as continuous treatment effect estimates  (mean differences 

and measures of variance).  We extracted measures of treatment effect from included 

studies that were adjusted for potential confounding variables over reported estimates that 

were not adjusted for potential confounding. Where studies used multiple follow-up periods, 

we used data from the first follow-up period after the end of the intervention period (most 

recent). 

 

Risk of Bias was assessed with the Cochrane Collaboration’s Revised Tool to Assess Risk of 

Bias in Randomized Trials(RoB-2)352 for randomised trials, and Risk Of Bias In Non-randomized 

Studies - of Interventions (ROBINS-I) tools510 for non-randomized trials. Two reviewers (AP 

and EF) independently assessed studies for risk of bias . Any disagreements were resolved 

through discussion and consensus.  

 

Data synthesis 

Papers were categorised by study population, as either a study of persons with MCI or of 

persons with AD/ADRD, as described in our eligibility criteria. Exercise intensity was 

categorized as low, moderate, or high-intensity according to how they were reported by the 

study authors, or based on the American College of Sports Medicine (ACSM) guidelines351. 

Sleep outcome measures were categorised as either subjective (PSQI or self-reported sleep 

measures), or objective (actigraphy or polysomnography). All sleep outcome measures in this 
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systematic review were synthesised  as mean-differences between the exercise and non-

exercise groups and measures of variance (e.g. standard deviation or standard error) with the 

Cochrane Collaboration’s Review Manager 5.41 (RevMan 5.41) systematic review and meta-

analysis software346. The results of these syntheses are described narratively in the 

systematic review, as summary of findings in tables 1 and 2, and graphically (for meta-

analyses) in figures 3 and 4.  

 

Meta- analysis 

We expected clinical diversity and heterogeneity between studies resulting from variable 

samples (e.g. mean ages, proportion of males and females, and clinical presentation of MCI 

or AD/ADRD), study locations and settings, differences in interventions and their doses, and 

effect sizes. Following the guidance of the Cochrane Handbook for Systematic Reviews of 

Interventions346,  we conducted inverse-variance weighted random-effects (Der Simonian 

and Laird) meta-analyses with RevMan 5.41346.  With RevMan, we derived mean differences 

in sleep outcomes between experimental and control groups to calculate pooled intervention 

effect estimates346.  These were displayed graphically with Forest plots354,355,511. 

 

We assessed statistical heterogeneity using t2, Chi2 (significance level: 0.1) and I2 statistics346. 

Statistical heterogeneity was also evaluated graphically in Forest plots354–356.   We conducted 

sensitivity analyses to determine if any one study contributed significantly to heterogeneity in 

meta-analysis346.  Subgroup analyses were not conducted, given the small number (13) of 

studies meta-analysed, low power, and increased risk of a high false-positive rate512.  Meta-

regression was not conducted, as a there were insufficient studies eligible for meta-analysis 
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reporting characteristics to be modelled in meta-regression. It is recommended that at least 

ten studies in a meta-analysis should be available for each characteristic modelled in a meta-

regression346. In order to minimise the risk of bias due to missing results (arising from 

reporting biases), we also checked the reporting of outcomes in each study as part of our risk 

of bias assessments and compared these to study protocols or registrations when they were 

available. 

 

Additional sensitivity analyses: 

We also conducted sensitivity analyses by risk of bias (keeping only papers with low risk of 

bias) to assess the robustness of our meta-analysed results354–356 

 

Publication bias 

There was an insufficient number of studies for any one meta-analysed outcome for funnel 

plots or Egger’s tests for publication bias (minimum of 10 recommended by the Cochrane 

Collaboration and Cochrane Handbook of Systematic Reviews) 346.  In meta-analyses with a 

small sample of studies per outcome, the power of these tests is too low to distinguish real 

asymmetry from chance346. As a result, funnel plots or Egger’s tests for publication bias were 

not undertaken. 
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RESULTS 

Our searches yielded 6745 publications (figure 1).  After duplicates were removed, 4593 

papers were screened against our eligibility criteria by title and abstract. Two hundred fifty 

six papers were deemed eligible or likely eligible.  Full-text manuscripts were sought for these 

256 papers. We were unable to access full-text manuscripts for 3 papers after extensive 

searches in online databases (see methods), internet searches, and interlibrary loan 

requests513–515. After full-text screening, twenty interventional trial papers were eligible for 

inclusion in the systematic review and 12 in the meta-analysis (table 1).  

 

Figure 1: PRISMA flow chart 
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Ten papers were assessed at low-risk of bias, nine as some-concerns or moderate, and one as 

high-risk (figure 2a, 2b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

 

 

   

b.  

 

 

Figure 2: Risk of bias assessments: a. ROB-2  b. ROBINS-I 
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Sample characteristics 

The 20 included studies represent the experience of 3278 persons, 2066 of which were 

female (63%),  with a mean age of 68 years (range 55 to 95 years), recruited from 

community, clinical, and research settings. Included papers were published from 1995-2022, 

with a mean sample size of 158 participants.  

 

Interventions (table 1) 

A wide range of exercise interventions and dosages were reported, ranging from once-

weekly516 to daily bouts377,459 over four449 to 104 weeks365, for 30-minutes421 to 80-

minutes377. Four papers investigated low-intensity exercises, including low-intensity aerobic 

exercise, physical activity, elastic band or resistive exercise, overground walking programs, 

and light Tai Chi397,459,517,518.  

Moderate-intensity exercises were most frequently investigated (12 trials), including aerobic 

exercise, cycling or bicycle ergometry, resistance or strength training, walking programs, Tai 

Chi, yoga, or combinations of moderate-intensity exercises365,377,522,523,408,421,425,449,516,519–521.  

Two studies investigated the effects of moderate to vigorous intensity (MTVA)524 exercise, 

including aerobic dance525 and combined aerobic and strength training exercises526. Two 

studies investigated the effects of high-intensity exercises441,526,  including cycling or treadmill 

exercise, resistance training, or combinations of high-intensity exercises at greater than  80% 

maximal heart rate. 

 

Sleep Outcomes 
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A variety of assessment tools were used to collect sleep outcomes, including actigraphy, 

polysomnography (PSG), sleep diaries, and subjective assessments including the Pittsburgh 

Sleep Quality Index (PSQI)349, Insomnia Severity Index (ISI)193,  Mini-Sleep Questionnaire 

(MSQ)447,  Neuropsychiatric Inventory (NPI)508, Sleep Disorders Inventory (SDI)509,  and 

customized sleep quality tools.  

 

Sleep outcomes in persons with cognitive impairment or Mild Cognitive impairment (MCI) 

Nine studies investigated the effects of exercise on sleep in persons with MCI (excluding 

diagnosed AD/ADRD or dementia) or MMSE scores between 19-24 (mean 22.3) or Montreal 

Cognitive Assessment scores between 18-25 (mean 22.05) ( details in table 1). Exercise 

interventions improved self-reported sleep outcomes in persons with MCI. Only one study 

assessed the effects of exercise on objective sleep outcomes in persons with MCI519. Li et al 

(2021) reported that a 12-week, moderate-intensity resistance training program improved 

both actigraphy and subjectively measured sleep,  with statistically significantly increased 

sleep efficiency and decreased wake after sleep onset and sleep fragmentation in 62 assisted 

living facility older adults (mean age 72.2) with MCI519.  

 

Among the remaining 8 studies, a range of exercise modalities, intensities, frequencies and 

durations were reported.  Two studies investigated the effects of low-intensity exercise on 

sleep in older adults with MCI. Alessi et al (1999) and investigated the effects of 14-weeks of 

daily low-intensity physical activity on sleep and agitation in 29 nursing home-dwelling older 

adults (mean age 88.3) with MCI517. Participants in the exercise intervention showed 

increased total sleep time, longer sleep episodes, and less daytime sleepiness and agitation 

compared to the non-exercise group. Chan et al (2016) found that a low-intensity Tai chi 
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(TCG) exercise program increased sleep duration (+48 minutes), sleep efficiency, and 

improved sleep quality on the PSQI in 52 community-dwelling, sedentary older adults with 

cognitive impairment and poor sleep (PSQI score >5 at baseline)397.  

 

The majority of studies with persons with MCI investigated the effects of moderate intensity 

exercise on sleep. Bademli et al (2018) found that a 20-week, moderate-intensity, exercise 

and walking program improved  sleep quality on the PSQI (MD -9.0)  and cognition in 77 

sedentary, nursing home-dwelling persons over 65 years of age with MCI377.  Choi et al (2018) 

investigated the effects of a 12-week, 4 times per week seated yoga exercise program on 

sleep, physical fitness, and depression in community-dwelling, sedentary older adults with 

MMSE scores ≥19421.  Participants in the exercise group reported a small, but not statistically 

significant improvement in sleep quality on the PSQI. The authors noted, however, that sleep 

quality was measured during the hottest summer recorded in Korea, with 22 nights of 

extreme heat during the reference-month,  possibly countering the effects of the 

intervention on participants’ sleep quality. 

 

Fragoso et al (2015) found that a 24-30 month, moderate-intensity, exercise program 

reduced the likelihood of participants developing poor sleep quality (PSQI >5) over the 

intervention period and produced a small improvement in sleep quality in a sample of 1635 

community-dwelling, sedentary older adults (aged 70-89) with cognitive impairment (figure 

2)365.  Karydaki et al (2017) investigated the effects of a 12-week resistance training program 

on subjective sleep quality in females with MCI, finding that resistance training improved 

subjective sleep quality (decreased global PSQI score) 527.  
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Song  et al (2019) investigated the effects of a 16-week moderate-intensity aerobic exercise 

program on health related quality of life, including sleep quality, and cognitive function in 120 

sedentary, community-dwelling older adults with MCI408.  Compared to participants in the 

health-education control group, participants in the aerobic exercise group exercise group 

reported significantly greater improvement in sleep quality on the PSQI. In a separate study 

of a 16 week, moderate-intensity aerobic dance exercise program, Song et al (2023) also 

found that aerobic dancing (moderate-to vigorous intensity) significantly improved overall 

sleep quality (PSQI), sleep duration, sleep efficiency, and sleep onset-latency in older adults 

with MCI and poor sleep525. 

 

Finally, Wang et al (2020), found that a 24-week, thrice weekly moderate-intensity exercise 

program significantly improved sleep quality (lower PSQI scores ) in a sample of 116 

sedentary, community-dwelling older adults (mean age 68 years) with MCI425.  Sleep quality 

also had a strong mediating effect on the effects of the exercise program on participants’ 

cognitive function.  

 

Sleep outcomes in persons with Alzheimer disease and related dementias (AD/ADRD)  

Ten studies examined the effects of exercise or physical activity interventions on sleep 

outcomes in persons with AD/ADRD (7) or dementia (3), finding exercise had beneficial 

effects on their sleep quality (table 2).  Eggermont (2010) investigated the effects of a 30-

minute walking program on sleep and sleep disturbances in 79 older adults aged ≥ 70 with 

AD/ADRD518.  Participants in the walking program did not show improved night-time 

restlessness or actigraphy-measured sleep compared to the control group.  However, it was 

possible that participants may not have had sufficient sleep disturbances at baseline to show 
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a treatment-effect.  The timing of the physical activity interventions also varied frequently 

and may have influenced the study results212. 

 

Hoffman et al (2016) found that a 16- week,  moderate-to-high-intensity aerobic exercise 

program decreased sleep disturbances in a sample of 200 persons aged 50-90 with mild 

AD526. Kumar et al (2014) investigated the effects of a 5-week, Occupational Therapist-

delivered exercise and structured physical activity program (OTP)  , finding that OTP 

improved sleep quality and decreased daytime sleepiness in a sample of 77 persons with 

dementia.520 

 

Landi et al (2004) investigated the effects of a 4-week, moderate-intensity exercise program 

on behavioural problems, including sleep disturbances, in a pilot study with 30 nursing-home 

-dwelling persons with dementia521. Compared to the control group, the exercise group 

showed a statistically significant reduction in sleep disturbances at the 4-week follow-up. The 

study has several important limitations, however, including poor or absent reporting of 

participants age, who delivered the intervention or how often, who collected outcome data 

or when, and no reporting of the units of measurement used for outcome assessments.  

 

McCurry et al (2011)  investigated 30 daily minutes of continuous walking in a study of 132 

persons with AD/ADRD,  finding that participants in the exercise group had significantly 

greater improvements in sleep duration and quality than the control groups, even after 

adjustment for participant age, sex, depression, comorbidity, cognitive impairment, and sleep 

apnoea459. Nascimento  et al (2014) found once-weekly, moderate-intensity multimodal 

exercise was associated with statistically significant improved sleep and reduced sleep 



 
  

 149 
 

disturbances in an RCT of 35 persons with AD/ADRD516.  

 

Namazi et al (1995)  found a multimodal, moderate-intensity exercise program increased 

sleep quality and duration in a sample of 22 institutional-dwelling persons with AD/ADRD, but 

a small sample size and large range of MMSE scores at baseline may have influenced the 

results449.  Öhman’s secondary analysis of the Finnish Alzheimer Disease Exercise Trial 

(FINALEX) trial528  found that exercise did not lead to statistically significant changes in sleep 

problems in community-dwelling persons with AD/ADRD522.  However, they used only the 

Neuropsychiatric Inventory (NPI) to assess sleep outcomes. The NPI has only one item (11) 

assessing sleep by caregiver reports of sleep behaviours but not changes in frequency or 

sleep quantity508.  A high proportion of participants also took  medications which may have 

influenced their sleep or response to the interventions.  

 

Richards et al (2012) found  high-intensity exercise improved sleep quantity and efficiency, 

and increased minutes of REM sleep in institutional-dwelling persons with dementia and 

AD/ADRD441.  A high proportion (43%) of participants had sleep apnoea, and whether their 

apnoea was treated during the study was not reported. However, when apnoea was included 

as a covariate in the authors’ statistical models, it did not have a statistically significant effect 

on the relationship between exercise and total sleep time.  Finally, Stella et al (2011) 

investigated the effects of a six month, thrice-weekly aerobic and balance exercise program 

on neuropsychiatric symptoms, including sleep disturbances, in 32 community-dwelling 

persons with mild to moderate AD/ADRD523. Compared to the control group, the exercise 

group attained statistically significantly greater reduction in sleep disturbances on the NPI. 
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Study  Mild cognitive 
impairment and 
diagnosed MCI 
 
Sample and age 

Exercise 
Intensity 
 1: low 
2: mod. 
3. high 

Exercise and/or control 
intervention 

Sleep measures Main findings (sleep) Risk 
of 
Bias 
 

Alessi et 
al, 
1999517 
 

N=29 (26 female) 
mean age 88.3 
nursing home 
dwelling older adults 
with dementia (mean 
MMSE 13.3) and 
urinary incontinence. 
 
 
 

1 Exercise: 5 days per 
week over 14 weeks 
physical activity 
program: structured 
arm and leg exercises, 
sit-to-stands, and 
walking or wheelchair 
propulsion.  
 
Control: Night-time 
environmental 
program meant to 
reduce intrusive 
nursing care at night 
(light, noise, 
procedures, etc). 

Observational 
Sleep 
Assessment 
Index (OSAI) 
and 5 nights of  
actigraphy. 
 
Observations  
to assess sleep 
versus 
wakefulness, 
time spent in 
bed, and 
agitation. 

Participants in the exercise 
intervention group showed 
increased total sleep time, longer 
sleep episodes, and less daytime 
sleepiness and agitation compared 
to the non-exercise group. 
 
 
Baseline sleep percentage (ex-
group) 51.7 (95%CI:42.8. 60.6) 
Follow-up: 
62.5 (95%CI:50.6, 74.4) 

Mod 

Bademli 
et al, 
2019377 
 

N= 60 (25 female) 
≥ 65 years old 
Mean age 71.5 years 
 
Diagnosed mild 
cognitive impairment, 
living in nursing 
homes, and baseline 
PSQI 5-21.   

2 Exercise: 20-week , 4 
times/week Physical 
Activity Program: 10-
min warm-up, 20-min 
rhythmic exercises, 10-
min cool down 
exercises, and 40-min of 
free walking. 
 
Control: non-exercise 
control.  
 

PSQI 
 
Baseline scores 
exercise group: 
13.04 ± 2.06  
control 
12.14 ± 2.46 

PSQI measured sleep quality of 
improved considerably (md -9.01 [-
10.06, -7.96] after a 20-week 
Physical Activity Program 
compared to the control group. 

Mod 

Chan et 
al, 
2016397 

N= 52 (44 female) 
≥ 60  years old 
With cognitive 
impairment: mini-
mental state 
examination (MMSE) 
score of 13–26, PSQI 
>5.  

1 Exercise: Twice weekly,  
60-minute Tai Chi (TCQ) 
sessions for 2 months.  
 
Control: Non-exercise, 
observation only group. 

PSQI (Chinese) at 
baseline, 2 
months, and 6 
months 
 
Baseline  scores: 
exercise group 
10.2 
Control 9.8  

Participants in the TCQ group 
reported better sleep quality (PSQI 
mean difference of -1.80 global 
score), sleep duration (P=0.003), 
habitual sleep efficiency (P=0.002) 
than the control group. The TCQ 
group’s sleep duration increased 
+48 minutes, sleep efficiency 
increased 9.1%. 
 

Mod 

Choi et 
al, 
2018421 

N= 77 (59 female) 
≥ 65  years old (mean 
age 78.2) 
Community -dwelling, 
MMSE 19-26. 
 

2 
 

Exercise: 30-40 min 
sessions of floor seated 
exercise , 4 times per 
week for 12 weeks 
following ACSM 
guidelines. 
 
Control: Non-exercise, 
“usual care” control 
group. 

PSQI 
Baseline scores 
 
Exercise group 
6.12 ± 2.72 
control group 
5.83 ± 2.64 

The exercise program had no 
significant effect on sleep quality: 
mean difference 1.00 ( 2.15 to 
0.15), p 0.087. However, the 
authors note: “considering that 
the previous month, which served 
as a reference for the 
measurement of sleep quality, was 
part of the hottest summer ever 
with 22 tropical nights, it might 
have been difficult for the FSEP to 
fully affect the participants' sleep 
quality scores.” 

Low 

Fragoso 
et al, 
2015365 

N= 1635 (1098 female) 
70-89  years old 
mean age 79 
Community -dwelling 
adults with mobility 
and cognitive 
impairments, MMSE 

2 Exercise: Walking 5 
times per week 
(moderate intensity) 
with a goal of 150 
minutes per  week, as 
well as  5 times per 
week strength, 
flexibility, and balance 
training exercises at 
moderate-intensity over 
24 months. 
 
Control: health 
education only. 

Insomnia 
Severity Index 
(ISI), Epworth 
Sleepiness Scale 
(ESS) and PSQI at 
baseline 6, 18, 
and 30 months. 
 
Baseline PSQI: 
5.9 for both 
groups 

Compared with health education,  
structured physical activity 
reduced the likelihood of 
developing poor sleep quality 
(PSQI >5) over the intervention 
period, but no statistically 
significant effect on existing poor 
sleep quality (PSQI) or the ISI or 
ESS.  

Low 
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Karydaki 
et al, 
2017527 

N=49 (all female) 
Mean age 72.6 
Adults with MCI 
(Petersen criteria) 
confirmed by MMSE 
scores.  

n/a Exercise group a: Twice 
weekly, 45-minute 
resistance training 
exercises (no intensity 
described) over 12 
weeks.  
 
Non -exercise control 
group. 

PSQI at baseline 
and at 12 weeks. 
 
Baseline PSQI: 
exercise group 
6.1 
control group 
7.4 

Compared to the control group, 
the exercise group reported 
significantly improved subjective 
sleep quality- global PSQI score 
(t=2.335, df15, p=0.03)  at the 12-
week assessment. 
 

Mod 

Li et al, 
2021519 

N=41  (36 female) 
≥ 60  years old  
(mean age 72.2) 
Assisted living facility -
dwelling, sedentary 
adults with  
mild cognitive 
impairment Montreal 
Cognitive Assessment 
(MoCA) ≥ 18. 

2 Three 60 minute, 
moderate-intensity 
resistance training 
(elastic band) exercise 
sessions per week for 12 
weeks with at least 48 h 
between sessions. 
 
Control group: No 
exercise control group. 

Actigraphy: non-
dominant wrist 
for 3-4 
consecutive 
days at baseline 
and post-
intervention. 
 
Sleep diaries. 
 
 

Compared to the control group, 
resistance training decreased sleep 
fragmentation and improved sleep 
quality in older adults with MCI, 
with statistically significant 
increase in sleep efficiency (9.9%, 
95%Ci: 5.1,14.7) and decreased 
wake after sleep onset (WASO)  -
52.3 minutes (95%CI: 76.9, 27.6).   
Total sleep time increased in the 
exercise group, but not statistically 
significantly: 23.6 minutes (95%CI:-
18.4, 65.6). 

Low 

Song et 
al, 
2019408 
 

N= 120 (90 female) 
≥ 60  years old 
community -dwelling, 
sedentary adults with  
mild cognitive 
impairment (MCI) 
MoCA  18-26 . 
 

2 3 time per week, 60-
minute exercise sessions 
of a moderate-intensity  
aerobic exercise 
programme over 16 
weeks. 
 
Control: 16-week health 
education program 

PSQI 
Self-reported 
sleep quality 
 
Baseline PSQI 
Exercise: 9.47 
±3.66 
Control: 8.98 
±3.94  
 

A statistically significant change 
(improvement) in PSQI was found 
in the exercise compared to 
control group: -1.257 (-1.609, -
0.825) p <0.001  d=0.89 
 
 
 
 

Low 

Song et 
al, 
2023525 

N=89 (68 female)  
≥ 60  years old 
(mean age 76),  
community dwelling 
older adults with MCI 
Montreal Cognitive 
Assessment (MoCA) 
19-26 

2,3 3 times per week, 60-
minute group moderate 
intensity  aerobic 
dancing program over 
16 weeks. Intensity 
monitored with Borg 
scale (12-14). 
 
Control: Health 
education with no 
exercise. 

PSQI 
 
Baseline PSQI 
Exercise: 11.07 
±2.65 
Control: 10.66 
±3.14 

Participants in the exercise group 
had significantly greater 
reduction in PSQI total scores (b: 
1.74; 95% CI, 3.41, 0.08; p=.04), 
and statistically significantly 
improved sleep duration, sleep 
latency, and sleep efficiency 
compared to the control group .  

Low 

Wang et 
al, 
2020425 

N=116 (68 female) 
 ≥60 years old  
(Mean age 63.3) 
Community -dwelling 
older adults with 
diagnosed MCI (Portet 
et al 2006 criteria), 
MoCA <26. 
 

2 3 time per week, 60 min 
supervised limbs-
exercise  sessions over 
12 weeks:  
10-min limbering-up 
exercise, 40-min of 
upper and lower limbs 
exercise, followed by a 
10-min relaxation 
exercise  
 
Wait list control 

PSQI 
 
Baseline PSQI 
Exercise: 9.25 
±3.85  
Control 8.63 
±3.56 

Compared to the control group, 
the exercise group reported 
improved sleep quality (PSQI), with 
a mean Difference (95% CI) of -2.5 
(95%CI: -351, .39), Cohen’s d of 
0.87. 

Mod 

Table 1: Exercise interventions for sleep in persons with mild cognitive impairment 
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 Dementia or 
AD/ADRD 
 

Exercise 
Intensity 
 1: low 
2: mod. 
3. high 

Exercise and/or 
control intervention 

Sleep measure Main findings (sleep) ROB 

Egger-
mont et 
al, 
2010518 
 

N=79 (63 female) 
≥ 70 years old 
(mean age 84.3) 
participants with 
diagnosed AD/ADRD 
(in medical record) , 
mild-to-moderate 
cognitive impairment 
(MMSE >10). 
 
 

1 Exercise:  Indoor walking 
program, 30 minutes 
per day, five times per 
week for 6 weeks. 
 
Control: indoor social 
visit (no exercise) for 30 
minutes, five times per 
week over the 6 weeks. 

Actigraphy: 
Actiwatch worn 
on the dominant 
wrist.  
Baseline sleep 
efficiency:  
Exercise: 74.01 
(SD 9.37)  
Control: 70.0 (SD 
10.11). 

Participants in the walking 
program did not show a beneficial 
effect on night-time restlessness 
or other actigraphy-measures 
sleep parameters compared to the 
control group.   

Mod 

Hoffman 
et al, 
2016526 
 

N=200 (87 female) 
50-90 years old 
community-dwelling 
persons with mild-
moderate Alzheimer’s 
disease according to 
NINDS-ADRDA criteria 
and MMSE >19. 
 
 

2,3 3 weekly group exercise 
sessions supervised by a 
Physiotherapist over 16 
weeks. The first 4 weeks 
leg strengthening 
exercises. The remaining 
12 weeks: moderate to 
high-intensity aerobic 
exercise (70–80% of 
maximal HR) on an 
ergometer bicycle, cross 
trainer, and treadmill. 
 
Control: Usual care (no 
exercise). 

The 12-item 
Neuropsychiatric 
Inventory (NPI-
12).  
 
 

Compared to the control group, 
the exercise group showed 
improved (decreased) scores on 
the NPI’s Sleep and Night-time 
behavioural change components at 
the end of the intervention period. 

Low 

Kumar et 
al, 
2014520 

N=77 (15 female) 
≥ 60  years old (mean 
age 69) with mild 
/moderate dementia 
based on DSM-IV 
criteria and 
neurological 
evaluation: MMSE 
 ≤ 23, confirmation by 
neurological exam, 
Clinical Dementia 
Rating Scale and 
Blessed Dementia 
Rating Scale. 
 

2 Ten sessions of 20-30 
minutes of exercise and 
structured physical 
activity over 5 weeks   
delivered by 
occupational therapists. 
 
Control: standard 
activities without 
exercise or structured 
physical activity. 

WHOQOL-BREF, 
which includes 
sleep and rest 
under the 
physical health 
and level of 
independence 
domain. 

Participants in the exercise group 
reported improved sleep quality 
and decreased daytime sleepiness, 
compared to the control group. 

Mod 

Landi et 
al, 
2004521 
 
 

N=30 (15 female) 
nursing home-dwelling 
older adults with 
Alzheimer’s’ disease 
and/or dementia 
according to DSM-IIIR 
criteria.  
 
The mean age or age 
range were not 
reported in the paper. 
 

2 Exercise: moderate-
intensity exercise 
program (combination 
of aerobic or endurance 
activities, strength 
training, balance, and 
flexibility training). 
 
Control: usual care, with 
no added exercise or 
physical activity. 

Sleep data for 
participants 
collected with 
The Minimum 
Data Set 
Instrument for 
Nursing Homes 
(MDS-NH) for 
the baseline and 
4 week follow 
up. 

Participants in the exercise group 
had a statistically significant 
reduction in  sleep disorders at the 
4-week follow up.  
 
*Note: the units of measurement 
for outcome variables are not 
included in the paper, making it 
impossible to identify what units 
were measured (e.g. %, frequency, 
number of occurrences, etc). 

High 

McCurry 
et al, 
2011 
459 

N=132  (73 female) 
(mean age 81.7) 
persons with 
Alzheimer’s Disease 
(medical records) 
and two or more sleep 
problems occurring 
several times a week, 
measured with the 
7-item Sleep Disorders 
Inventory (SDI) 509. 
 
 

1 Exercise: 30 minutes of 
continuous walking daily 
over 2 months. 
 
Control: contact control 
(no exercise), light 
exposure group, walking 
and light group (not 
included in this meta-
analysis). 

Wrist actigraphy 
and caregiver 
ratings of 
participant sleep 
quality on the 
Sleep Disorders 
Inventory 
(SDI).509  
 
Baseline SDI: 
Exercise group: 
1.0 (SD 0.3). 
Control 0.8 (SD 
0.2).  
>69% all 
participants had 

Participants in the walking group 
had moderate effect size 
improvements in total sleep time 
(30.80 min, 95%CI -23.94, 85.54), 
higher sleep efficiency (1.00 
95%CI:-6.01, 8.01), and fewer (but 
not statistically significant) night-
time awakenings (-0.80, 95%CI: -
5.67, 4.07) compared to control 
group.  Significant differences 
remained after adjustment for 
participant age, sex, depression, 
comorbidity, cognitive impairment, 
and sleep apnoea. No significant 
improvements seen on the SDI. 

Low 
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sleep problems 
at baseline. 

Nascime
nto et al, 
2014516 
 

N=35 (19 female) 
Mean age 76.8 ± 6.8  
persons with 
Alzheimer’s Disease 
diagnosed according to 
DSM-IV TR and ADRDA  
criteria and mild-
moderate dementia 
ion the Clinical 
Dementia Rating 
(CDR). 
 

2 Exercise: 60 minutes of 
moderate-intensity (60-
80% HRmax) resistance, 
and aerobic exercise 
one day per week for 6 
months.   
 
Control: no exercise, 
usual care. 

Mini-Sleep 
Questionnaire 
(MSQ) scores.  
 
Baseline MSQ: 
Exercise: 26.7 
(SD 4.1)  
Control:  
20.2  (SD 4.6) 

Compared to control group, 
participants in the exercise group 
had statistically significant 
improvement in sleep scores 
(reduced sleep disturbances) on 
the MSQ, (mean difference of  
-1.10, p=0.01. 

Low 

Namazi 
et al, 
1995449 
 

N=22  (14 females) 
Mean age 80.73 (SD 
5.83) institutional -
dwelling persons with 
AD/ADRD according to 
NINDS-ADRDA criteria. 
 

2 Exercise: 40 minutes of 
moderate intensity, 
multimodal aerobic 
exercise daily for 4 
weeks. 
 
Control: social activity 
(no exercise) 

Customized 
sleep log: 
sleeping soundly; 
resting (awake, 
but in bed), 
awakened: (just 
awakened by 
staff, noises, or 
other patients 
but still in bed), 
awake and out of 
bed doing 
normal things 
(walking, talking, 
sitting in room), 
awake and in the 
bathroom, or 
restless, for 12 
hours per night 
over 4 weeks. 

Compared to the control group, 
the exercise group showed a 
greater increase in “sleeping 
soundly” (25% increase,  mean 
difference of 530.00 episodes 
95%CI:278.7, 781.3) after the 
intervention. 

Mod 

Öhman 
et al, 
2017522 
522 

n=210 (81 females) 
65 years old or older,  
mean age 77.8 (5.2) 
 
Community dwelling 
persons with AD/ADRD 
according to NINDS-
ADRDA criteria and 
evaluated by a 
geriatrician or 
neurologist. 
 
. 
 

2 Exercise: 60 mins, 2 days 
per week over 12 
months.  Two exercise 
groups: a. Group-based: 
aerobic and strength 
exercise, balance 
training. B. 
Individual/home-
exercise group: aerobic 
exercises (Nordic 
walking. exercise bike), 
strength and balance 
training.  
Control: usual care and 
health education. 

The 
Neuropsychiatric 
Inventory (NPI):  
sleeping 
problems item. 
 
Baseline:  
Exercise group 
0.96 (2SD .38) 
Control: 0.97 (SD 
2.50) 

Compared to the control group, 
participants in the exercise 
intervention did not show  
statistically significant 
improvements in sleep on the NPI. 

Low 

Richards 
et al, 
2011441 
 

N=193 (116 female) 
Mean age 81.8 ± 8.1 
 
Nursing home and 
assisted living-dwelling 
persons with  
dementia and/or AD 
and MMSE 4 or 
greater (mean MMSE 
19.8, range 4-28). 
 

3 Exercise group: 3 days 
per week of high-
intensity resistance 
strength training and 2 
days of walking for 45 
minutes over 7 weeks.  
 
 
Control: usual care or 
social activity with no 
exercise . 

Portable (in 
home) 
polysomnograph
y (PSG) for 2 
nights at 
baseline and 2 
nights at 7 weeks 
(post 
intervention). 
 
Baseline AHI: 
Exercise group 
16.2, (SD 14.6) 
Control 18.8 (SD 
18.3) 

Compared to the control group, 
the exercise group : 
Increased total sleep time of 23.7 
min (MD 25.10 min,  95%CI: 21.99, 
28.21), improved sleep efficiency 
(MD 6.80, 95%CI 6.18, 7.42), 
increased NREM sleep (9.30 min, 
95% CI: 6.08,12.52)  and REM 
sleep (15.80 min, 95% CI:14.37, 
17.23) Sleep onset latency 
increased in the exercise group 
compared to the control (MD 8.80 
min 95% CI: 6.67, 10.93).  

Low 

Stella et 
al, 
2011523 

N=32 (20 female) 
Mean age 77.8 (5.8)  
Sedentary community-
dwelling persons with 
mild to moderate 
AD/ADRD according to 
NINDS-ADRDA criteria, 
evaluated by a  

2 Exercise: moderate-
intensity aerobic 
exercise for 60 minutes,  
three times per week on 
non-consecutive days 
over 6 months .  
 

NPI 
 
Sleep 
disturbance 
mean at 
baseline: 
Ex group 
2.8 (SD 4.2) 

Compared to the control group, 
the exercise group had statistically 
significantly greater reduction in 
sleep disturbances on the NPI, 
mean difference -2.4, 95%CI: -
5.20, -0.4). 

Mod 
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clinician and diagnosis 
also reported by their 
caregivers.  

Control: Usual care, 
non-exercise group. 

Control 4.4 (5.6) 

Table 2: Exercise interventions for sleep in persons with dementia, AD/ADRD 

 

 

Meta-analyses 

In total, 13 papers reported continuous data for sleep outcomes and were eligible for meta-

analysis377,397,525,527,408,421,425,441,459,517–519. Of the remaining 7 papers, one was at high risk of 

bias and was excluded from meta-analysis521. One did not report data with sufficient detail to 

allow meta-analysis, only displaying sleep outcome results visually on a graph (we were 

unable to determine the actual values from the graph) 526. The remaining 5 papers reported 

custom sleep metrics that could not be pooled with data from other papers for meta-

analysis449, or used sleep outcome measures for which less than 2 papers reported 

outcomes516,520,522,523. 

 

Seven studies, representing the experiences of 1986 participants with mild cognitive 

impairments or MCI in exercise and non-exercise interventions were eligible for meta-

analysis (figure 3). Exercise interventions had a statistically significant beneficial effect on 

PSQI assessed sleep quality in persons with mild cognitive impairments and MCI (-1.54, 

95%CI:-2.23,-.86).  
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Figure 3: Forest plot, PSQI in adults with MCI. 

 

Objectively measured sleep 

Five studies, representing the experiences of 446 persons with MCI or AD/ADRD, assessed 

sleep with actigraphy (4 studies)517,518,529,530 or PSG (1 study)441, and  were eligible for meta-

analysis (figure 4). Only total sleep time and sleep efficiency were reported by more than two 

studies.  Exercise interventions had a statistically significant beneficial effect on participants’ 

total sleep time (increased by 34 minutes), and sleep efficiency (improved by 6%).  

 

Figure 4: Forest plot, objective sleep measures. 

 

Heterogeneity 
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Substantial heterogeneity was found in pooled meta-analyses of PSQI-assessed sleep and 

pooled sleep efficiency, while no heterogeneity for total sleep time. The heterogeneity found 

for PSQI assessed sleep and sleep efficiency may be influenced by clinical variability and lack 

of uniformity among exercise interventions and samples. Sensitivity analyses did not reveal 

any one study contributing significant heterogeneity in either case.  

 

No one study, when removed during sensitivity analysis, significantly modified the pooled 

treatment effect estimates for the effect of exercise interventions and PSQI-assessed sleep 

quality in figure 3. Only the study by Eggermont (2010)518, when removed, modified the 

effect of exercise on sleep efficiency, which increased to 7.52%, 95% CI:4.08, 10.95. 

Heterogeneity was unchanged, however. Eggermont did not find a beneficial effect on night-

time restlessness or other actigraphy-measures sleep parameters after a 6 week, low-

intensity exercise intervention. However, it was possible that participants may not have had 

sufficient sleep disturbances at baseline to show a treatment-effect, and the timing of the 

physical activity interventions also varied frequently, both of which may have influenced the 

study results212. 
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DISCUSSION 

This systematic review investigated the effectiveness of exercise interventions targeting sleep 

in older adults with MCI or AD/ADRD. To the best of our knowledge, this is the first 

systematic review and meta-analysis of exercise interventions targeting sleep in this 

population. It represents the experiences of 3278 persons with MCI or AD/ADRD across 20 

interventional studies.  We found moderate to high quality evidence for the beneficial effects 

of exercise on self-reported and objectively measured sleep in older adults with cognitive 

impairment and persons with AD/ADRD. 

 

Exercise interventions resulted in statistically significant improvements in subjective sleep 

quality in persons with mild to moderate cognitive impairment (PSQI -1.54, 95% CI:-2.23,-

.86)., as well as improved sleep efficiency and total sleep time (figures 1-2), emphasising the 

beneficial effects of exercise for sleep in this population. Exercise of any intensity, from low 

to high, improved sleep quality in older adults with cognitive impairment.  This is significant, 

given that persons with cognitive impairment of AD/ADRD may also experience physical 

deconditioning or motor difficulties, and low and moderate intensity exercise may be more 

feasible531. 

 

A variety of potential mechanisms underlying the effects of exercise on sleep have been 

proposed, ranging from  exercise-induced reduction in systemic inflammation, changes in 

neurotransmitters regulating sleep, increased growth hormone and brain-derived 

neurotrophic factor, changes in heart rate variability, body temperature, autonomic function, 

and entrainment of circadian rhythms and sleep-wake cycles224,241,243.  Exercise interventions 

in a generally sedentary population of persons with cognitive impairment may also increase 
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exposure to other factors associated with improved sleep, such as daylight, social activity, 

and decreased daytime napping4,332,500,501. These factors could not be accounted for in this 

systematic review but offer important targets for future research. 

 

Alzheimer’s Disease and Related Dementias (AD/ADRD) 

Fewer controlled studies investigated the effects of exercise on sleep in persons diagnosed 

with AD/ADRD. However, the available studies did find improved sleep quality and quantity as 

a result of exercise in persons with AD/ADRD.  Mounting evidence suggests that poor sleep 

influences disease progression and cognitive decline in persons with AD/ADRD6,7,9,99.  Exercise 

can improve sleep and may have potential to attenuate cognitive decline and 

neurodegeneration in AD/ADRD.  A larger body of RCTs has investigated exercise 

interventions targeting cognition in persons with AD/ADRD, finding that increased physical 

activity and exercise improve cognitive function and may delay cognitive decline532. The 

mediating role of sleep in these effects has been underexplored, however. 

 

Much else remains unknown about the effects of exercise on sleep in persons with AD/ADRD. 

For example, only one RCT investigated the effects exercise on PSG measured sleep 

outcomes441.   No RCTs investigated the effects of exercise on sleep microarchitecture such 

as NREM slow-wave activity or sleep spindles.  These have also been under-investigated in 

studies of exercise targeting sleep in healthy older adults. This creates important evidence 

gaps, given that multiple facets of sleep neurophysiology are strongly associated with 

cognitive performance in older adults7. Better understanding of the mechanisms 

underpinning the effects of exercise on brain processes during sleep could lead to more 
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effective exercise interventions aimed at maintaining or improving the memory functions of 

sleep240.  This may be of particular importance for older adults, persons at early stages of 

cognitive decline, and those at risk of AD/ADRD and their caregivers.  

 

Recommendations for future research 

Our systematic review highlights important areas in need of further investigation. Given the 

many physical and mental health benefits associated with both improved physical activity 

and improved sleep, these areas for future research are critical for clinicians, policymakers, 

and the public to make informed choices about exercise interventions targeting improved 

sleep, activity, and quality of life in older adults with cognitive impairment. 

 

For example, the optimal time of day to perform exercise or minimum exercise dosage 

required to influence sleep in older adults remains uncertain. As a result, the optimal amount 

of exercise needed to improve sleep in older adults with cognitive impairments, or older 

adults generally, cannot be determined with certainty with currently available evidence. 

Previous systematic reviews and meta-analysis of exercise interventions targeting cognition 

in persons with MCI or dementia have found that multicomponent exercise combining 

aerobic and resistance training tends to be the most effective in protecting global cognition 

and executive function in persons with MCI, while resistance training is associated with 

slowing the progression of cognitive decline533. Meta-analyses of exercise interventions 

targeting sleep in older adults  report larger treatment effects for moderate intensity exercise 

(exercise at 60% of maximal oxygen uptake, VO2max, or maximal heart rate for age) on 

insomnia (d=0.87, 95%CI:1.68,0.06)284, and moderate-intensity aerobic exercise has been 

associated with greater increases in cognition and memory than light or vigorous exercise231–
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233. The greatest benefits for sleep quality in older adults have been reported with exercise 

programs combining moderate intensity aerobic and resistive exercise training534. However, 

the optimal exercise modality for influencing sleep in persons with MCI or AD/ADRD cannot 

be determined from the evidence we reviewed. 

 

The most influential moderators of the relationships between exercise and sleep in older 

adults, such as age, sex, gender, or disease progression also remain unclear.  For example, 

none of the studies we reviewed reported sleep outcomes for males and females separately, 

however, despite 63% of the participants in the studies included in our systematic review 

being female. Biological sex has been shown to contribute to variations in sleep71,535, risk of 

dementia536 and Alzheimer’s disease537,538, physiological responses to exercise357, and effects 

of exercise on cognitive outcomes in older adults.539 Meta-analyses have found higher rates 

of insomnia71,462, poor memory performance,71,72 and prevalence of dementia540 and AD 537 

among females than males. Sex differences have also been found in various risk factors for 

AD and dementia536,541, and gender has been shown to influence the risk of cognitive decline 

or dementia538.  Larger treatment effect sizes have also been reported for females than 

males in studies of exercise targeting cognition,539 though less is known about sex differences 

in studies of exercise and sleep. Few studies have examined sex differences in the 

effectiveness of exercise interventions targeting sleep in older adults, though some evidence 

suggests exercise leads to greater self-reported measures of sleep quality in females than 

males.390   

 

Sleep disturbances increase functional impairment and disease progression and negatively 

affect cognitive function in persons with AD/ADRD.99 Exercise may improve sleep 
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disturbances and has potential to attenuate neurodegeneration in AD/ADRD. However, much 

is unknown about the effects of exercise on sleep in this population. For example, few RCTs 

have investigated the effects of exercise on PSG-measured sleep or sleep microarchitecture 

(e.g.  slow wave activity7,212–215) in persons with AD/ADRD, to the best of our knowledge.  

Only one paper in this review included PSG-assessed sleep architecture, but it  did not report 

sleep microarchitecture metrics441. This is represents an important knowledge-gap, given that 

Non-Rapid Eye Movement (NREM) slow-wave activity  has been linked to memory 

consolidation in older adults 7,48–50,212–215, and  loss of normal non- rapid eye midmovement 

(Non-REM) sleep slow wave activity has been linked to cognitive impairment in older adults 

and pathophysiological changes in Alzheimer’s disease33–35,48–50.  

 

The effects of exercise on sleep architecture and microarchitecture in older adults has 

generally been under investigated. A larger body of RCTs has investigated exercise 

interventions targeting cognition in persons with AD/ADRD, finding that exercise improves 

cognitive function and may delay cognitive decline in persons  with AD/ADRD.532 The 

mediating role of sleep in these effects has been underexplored, however. Better 

understanding of the mechanisms underpinning exercise and sleep and their effects on brain 

processes during sleep could provide important information leading to more effective 

exercise interventions aimed at maintaining or improving the memory functions of sleep.240  

This may also be of particular importance for persons with cognitive decline or those at risk 

of AD/ADRD and their caregivers.  

 

Additional research is also needed to understand the pathogenesis of sleep dysfunction in 

AD/ADRD to facilitate more effective treatments targeting sleep, including exercise. These 
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may include primary mechanisms, such as AD/ADRD related loss of neurons in the basal 

forebrain, hypothalamus, thalamus, midbrain, or circadian regulating 

areas,  synucleinopathies, and orexinergic system dysfunction.6 Secondary (indirect) 

mechanisms, may include poor sleep hygiene, co-morbidities, medication side effects, 

nocturia, and a variety of environmental factors.6 Greater understanding of the interactions 

and effects of these mechanisms will facilitate identification of the most effective exercise 

therapies for sleep in persons with AD/ADRD.332  

 

Strengths and Limitations 

Our review has several strengths. We followed a carefully developed protocol with 

comprehensive search strategies, including grey literature, and found studies in several 

languages and settings which had not previously been meta-analysed, to the best of our 

knowledge. However, publication bias could not be investigated in our review. Another 

strength is that we included only studies with low or moderate risk of bias in our meta-

analyses, and 19 of the 20 studies we systematically reviewed were appraises as having 

either low (9 studies) or moderate (10 studies) risk of bias. 

 

There are also limitations in this review. No studies examined key potential moderators of the 

relationship between exercise and sleep, such as sex, daytime napping, medication use, or 

the time-of-day participants exercised.  It was also not possible to meta-analyse data for the 

effectiveness of exercise interventions on sleep in persons with AD/ADRD.  The variability 

amongst available studies may reflect the complexities of administering exercise 

interventions with persons with reduced cognitive capacity or frailty. The evidence-base for 
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exercise and sleep in older adults with cognitive impairment shares these limitations, 

including heterogeneic study designs, samples, and unanticipated confounding factors and 

inherent biases which may distort the magnitude of treatment effects and the results of 

meta-analyses346. We limited meta-analysis to controlled studies with low to moderate risk of 

bias to minimize these effects, and our eligibility criteria were designed to reduce potential 

confounding in our analyses.   

 

Additionally, the majority of studies included in this systematic review utilised self-reported 

or caregiver-reported sleep outcome measures such as the PSQI, ISI, or the Sleep Disorders 

Inventory (SDI)509, rather than objective sleep measures such as PSG or actigraphy. Previous 

research with older adults with cognitive decline , reduced functional capacity, or insomnia  

has found that they are more likely to show greater discordance between self-reported (e.g. 

the PSQI or sleep diaries) and objective sleep measures542–544. Vulnerable older adults also 

either underestimate or overestimate their sleep efficiency when it is compared with 

objective wrist actigraphy or PSG542–544. Sleep diaries and subjective assessments may be also 

be challenging for older adults with cognitive impairments to complete, requiring caregiver 

assistance543.  

 

Objective sleep measures such as actigraphy or the gold-standard PSG can offer more 

accurate and less biased measures of sleep and responses to exercise in older adults with 

MCI or AD/ADRD.  Polysomnography also allows for assessment of the effects of exercise on 

sleep microarchitecture in persons with MCI or AD/ADRD. More research assessing the 

effects of exercise on sleep and sleep microarchitecture is needed and could help facilitate 

the development of effective interventions for sleep and cognitive decline in older adults and 
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person with MCI or AD/ADRD.  However, in-lab PSG is expensive, can be burdensome and 

difficult to complete for persons in advance stages of AD/ADRD.545 It can also be difficult to 

access546,547. Nevertheless, the continued development and feasibility of wearable, EEG 

headbands for in-home monitoring sleep and sleep neurophysiology offers important 

opportunities to overcome the difficulties of performing in-lab PSG with persons with 

AD/ADRD157.  

 

Both subjective and objective sleep outcomes are important in understanding the effects of 

exercise on sleep in older adults with cognitive decline. Subjective measures provide valuable 

information about persons’ perceived and experienced sleep outcomes544,548,549. Future 

research can supplement subjective sleep assessments with actigraphy to provide a more 

complete picture of sleep patterns and responses to exercise in older adults with MCI or 

AD/ADRD.  The proliferation and continued development of wearable sleep devices also 

offers important opportunities to supplement self-reported sleep measures with objective 

data that can be obtained unobtrusively in older adults with MCI or AD/ADRD157,546,550. 

 

Implications for practice or policy 

The results of our systematic review have important implications for clinical care, 

gerontology, public health and health promotion, given the many physical and mental health 

benefits associated with both improved exercise and improved sleep332,500,501. Sleep may be 

one of the most important modifiable risk factors for a range of health conditions, including 

cognitive decline and the progression of AD/ADRD6,77.   The number of people with AD/ADRD 
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is expected to triple to more than 132 million by 2050, with the greatest increase expected in 

low and middle-income countries82,83. This will present profound challenges for families, 

communities, and societies in resource-constrained settings82,83. With ageing, increasingly 

sedentary populations and growing incidence of AD/ADRD , the need for sustainable, 

accessible, and effective interventions, like exercise, for both poor sleep and AD/ADRD is 

pressing.   

 

Exercise is a widely accessible, cost-effective intervention for sleep difficulties. It is also 

associated with a range of benefits for cognitive performance, health and well-being, and 

quality of life in older adults227.  Exercise interventions may also be used to target lifestyle 

factors and health conditions associated with increased risk of poor sleep or cognitive decline 

and dementia. For example,  poor cardiometabolic health, including hypertension and 

diabetes, obstructive sleep apnoea, and depression each increase the risk of poor sleep or 

cognitive decline and dementia in older adults551,552. Exercise has been shown to be an 

effective adjuvant treatment for these conditions and other health and lifestyle factors 

influencing health outcomes in older adults553,554. Regular exercise can contribute to the 

management of cardiovascular and lifestyle risk factors and help reduce the risk of cognitive 

decline and dementia in older adults552,555. 

 

Exercise may also be an important complement to other therapeutic interventions for poor 

sleep in persons with, or at increased risk of, AD/ADRD555,556. For example, it is now 

recommended as an adjunct to cognitive behavioural treatment for insomnia (CBTi), the first-

line treatment for insomnia.218,219 Available evidence also suggests that multimodal 
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interventions that include the exercise  are effective from both poor sleep and functional and 

cognitive decline in older adults557–560. Promoting increased exercise, improved sleep, and 

other lifestyle changes in older adults  in the presymptomatic and prodromal stages of 

dementia has the potential to delay the progression of dementia in up to one third of cases 

worldwide555.  

 

Conclusion 

This systematic review include 20 studies examining the effectiveness of exercise 

interventions targeting sleep in older adults with MCI or AD/ADRD.  We found moderate to 

high quality evidence for the beneficial effects of exercise on sleep in older adults with 

cognitive impairment and AD/ADRD. The results of our systematic review support the 

development and dissemination of effective exercise interventions for sleep difficulties in 

older adults.  We found that exercise of any intensity (low, moderate, or high) and a range of 

frequencies and duration can improve subjectively and objectively measured sleep in this 

population. This has important implications for clinical care and public health. Improving 

sleep through exercise may support cognition and memory functions in older persons with 

MCI or AD/ADRD and also support secondary prevention of sleep-related health problems. 

Given our findings and previous research showing that exercise is also associated with a 

range of benefits for physical and mental health,  clinicians may consider adding exercise as 

an effective intervention or adjuvant strategy for improving sleep in older persons with 

cognitive impairment or AD/ADR. 
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Chapter VI: Discussion and conclusions  

Chapter Summary 

In this chapter, the aims and objectives achieved, insights gained, and strengths and 

limitations of this thesis are discussed. Future research directions and opportunities arising 

from this thesis are also presented. 

 

 

 

 

This thesis investigated the links between sleep, cognitive decline, and exercise interventions 

in older adults and persons with AD.  It addressed several important knowledge gaps for the 

associations between sleep microarchitecture, biomarkers of neurodegeneration and 

neuroinflammation, and cognition in Alzheimer’s disease (chapters II-III). It also critically 

appraised and meta-analysed the evidence for exercise interventions targeting sleep in older 

adults, including those with MCI and AD. It yielded important new insights about their 

effectiveness and optimal parameters to influence sleep. The findings of this thesis are 

important in the context of clinical care of persons with AD and for preserving brain-health 
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and cognition in older adults. They also raise new questions about the relationships between 

sleep, exercise, and cognition with implications for sleep research and gerontology. 

 

Aims achieved and their implications: Aims I-III 

There has been growing interest in the roles of sleep in cognition, brain-health, and 

neurodegeneration in older adults6. Nevertheless, important evidence gaps in our 

understanding of the role of sleep physiology in cognition and brain-health remain. For 

example, associations between NREM sleep microarchitecture, cognitive performance, and 

biomarkers of neurodegeneration had been explpred extensively in healthy older adults 

7,32,40,50,51,151,152,173,314 However, these had not been investigated extensively in persons with 

AD, creating important knowlege gaps for the neural mechanisms linking sleep to brain-

health in this population.  

 

This thesis helps to address these gaps. It includes one of the few studies to have investigated 

NREM sleep spindle and slow oscillation activity, cognitive performance, and biomarkers of 

neurodegeneration in older adults with mild-to-moderate Alzheimer’s disease285. In it, we 

hypothesised that spindle and SO activity at baseline would predict baseline AD fluid 

biomarker levels and cognitive performance over time in AD. Our findings confirmed this 

hypothesis. Sleep spindle and SO activity at baseline predicted key biomarkers for 

neurodegeneration and neuroinflammation in AD.  Spindle and SO activity also predicted 

cognitive performance over three years and mental health from baseline to 12 months, even 

after adjusting for variables such as age, sex, and AHI.  
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This thesis also expands our knowledge of the roles spindles may play in cognition, mental 

health, and brain-health in Alzheimer’s disease.  Few previous studies had invesÄgated the 

associaÄon between spindles, Aβ42, or tau accumulaÄon in this 

populaÄon34,35,135,136,143,171,172,313. A larger body of evidence examined associations between 

SO activity and AD33,561. We found a number of significant associaÄons between spindle 

acÄvity, Aβ42, tau, and the other biomarkers we invesÄgated. In fact, we found that spindle 

acÄvity predicted these and cogniÄve performance more consistently than SO acÄvity. We 

also found important associaÄons between spindle power and spindle duraÄon, biomarkers, 

and cogniÄon in AD. The majority of research had investigated the effects of spindle density, 

but not duration or power, on cognition or disease progression in AD32.  

 

This thesis yielded a number of novel findings about the relationships between sleep 

physiology and AD progression. Many of the associations we found between spindle 

characteristics, CSF Aβ42 and tau, and cognition in persons with AD were previously 

unreported, to the best of our knowledge. We also found previously unreported associations 

between spindle and SO characteristics and other biomarkers of neuroinflammation and 

neurodegeneration highly linked to AD (NfL, YKl-40, NG-36, NfL/Aβ42, YKl-40/Aβ42). These 

are important findings, given that these biomarkers have been linked with longitudinal 

amyloid accumulation and cognitive decline in older adults323. Indeed, we found that these 

biomarkers not only predicted poorer cognitive performance (higher ADAS-cog and lower 

MMSE scores). We also found that they predicted poorer mental health and significantly 

increased neuropsychiatric symptom severity (NPI scores from baseline to 12 months) in our 

sample of persons with mild-to-moderate AD.  This is an important finding, as the rates of 
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long-term care placements rise as neuropsychiatric symptom (e.g. agitation, aggression, 

nighttime behavioral disturbances) severity  increases among persons with AD562,563.   

 

We also found previously unreported moderating and mediating roles between spindle and 

SO activity, these biomarkers, and cognition in AD. These findings generate new insights into 

the complex interplay between sleep physiology, brain-health, and cognition in the context of 

AD and raise important questions about whether similar interplays exist in other 

neurodegenerative disorders such as Parkinson’s Disease564,565. They also support a promising 

role for NREM spindle and SO activity, and NfL, NG-36,and YKL-40 as complimentary, non-

invasive markers of neurodegeneration, in addition to Aβ42 and tau, and potential 

therapeutic targets for sleep-related interventions designed to monitor or slow AD symptom 

progression.  

 

The findings in chapters II-III are also important in light of the increasing development of 

interventions such as transcranial direct current,  transcranial magnetic stimulation (rTMS) 

or acoustic stimulation targeting SWA in older adults566. These interventions have also begun 

to yield promising results on cognition in persons with MCI or AD333,566,566–568. Lifestyle-based 

interventions such as exercise and increased physical activity can also be harnessed to 

enhance sleep and SWA in older adults and persons with AD, as was investigated in chapters 

IV and V (AIM IV). 

 

Aims achieved and their implications: AIM IV 
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This thesis also helps to address knowledge gaps about the effectiveness of exercise 

interventions for improving sleep in older adults and persons with MCI or AD. It includes what 

are, to the best of our knowledge, both the largest meta-analysis of  interventional studies of 

exercise and sleep in healthy older adults (chapter IV), and the first systematic review and 

meta-analysis of exercise interventions targeting sleep in person with MCI or AD (chapter 

V)220. 

 

The results of both meta-analyses show that exercise can be an effective intervention for 

improving sleep in older adults, including older adults with sleep difficulties and persons with 

AD and MCI. They also addressed knowledge gaps about the dose-response relationship 

between exercise intensity and improvements in sleep in older adults. This is an important 

finding, given that there was previously a lack of consensus for the most effective exercise 

intensity for improving seep in older adults212.  

 

It is notable that our meta-analyses found that even low intensity exercise can improve older 

adults’ sleep. In fact, low and moderate intensity exercises of any modality were the most 

effective at improving sleep in older adults as well as in those with MCI or AD.  This is a  

particularly important finding in the context of ageing, increasingly sedentary populations 

with a higher prevalence of chronic diseases such as osteoarthritis, obesity, or cardiovascular 

disease, for whom higher intensity exercises may be more difficult and less acceptable. It also 

has important implications for persons with MCI or AD, for whom lower-intensity exercises of 

a variety of modes may be more feasible than higher intensity exercise531. 
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Our meta-analyses also found moderate-to-high-quality evidence for the beneficial effects of 

exercise on objectively assessed (actigraphy or polysomnography) sleep outcomes. These 

included and sleep efficiency and wake after sleep onset, which are strongly linked to increase 

risk of dementia569. We also found that exercise interventions yield statistically significant 

improvement in slow-wave sleep220. Exercise may influence SWS through homeostatic 

regulation of body temperature, which increases during exercise but decreases during 

SWS224,243. A larger amount of SWS may be needed after exercise to maintain 

homeostasis224,243. Previous studies have reported increased EEG power during SWS in older 

adults after exericise245. This is an important finding, given the associations we also found 

between NREM sleep spindles, SO, AD biomarkers, and cognition in chapters II-III.   

 

Our meta-analyses also spotlight a lack of research examining the effects of exercise 

interventions on sleep microarchitecture during NREM, particularly in persons with AD or 

other neurodegenerative disorders. Few studies have investigated the effects of exercise on 

NREM spindle or SO activity213. This is an important evidence gap that can be explored in 

future research. This, and other limitations and opportunities for future research on exercise 

and sleep are discussed extensively in chapters IV-V.  

 

What is clear, however, is that exercise can play an important role in improving sleep in older 

adults. Exercise is also a widely accessible, highly adaptable, and sustainable intervention that 

can be performed by persons of almost any physical ability in most settings, inexpensively or 

cost-free. As populations age and the prevalence of lifestyle diseases grows, there will be 

increasing strain on healthcare resources and a growing need for sustainable and effective 
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interventions, like exercise, that can benefit sleep and aid secondary prevention of chronic 

diseases influenced by both physical inactivity and poor sleep477,570      

 

Strengths and limitations 

The strengths and limitations of individual components of this thesis have been discussed in 

their respective chapters. Wider issues are briefly described here. The thesis has several 

strengths. It addresses important knowlege gaps in our understaing of the relationships 

between sleep, sleep physiology, brain-health, and cognition in AD and the effectiveness of 

exercises in interventions targetting sleep in older adults.  

 

It also includes robust methodological, statistical, and analytical methods. The studies in 

chapters two and three of this thesis anaylsed data that was collected prospecÄvely, in a 

single centre with experÄse in AD/ADRD, using standardised procedures and 

polysomnography in a sex-balanced cohort of persons with high Aβ42 burden and clinical 

symptoms consistent with mild-to-moderate AD.  This helped to overcome limitations 

typically reported in studies of sleep and AD, including lack of objectively measured sleep 

outcomes and imbalances in participant characteristics571–573. We also had comprehensive 

data for cognition capturing a range of cognitive domains over a three year period. These 

novel features of this thesis add to the robustness of its findings.  

 

Nevertheless, data from observational studies cannot imply causal relationships, and we did 

not have a comparison group of healthy older adults in the study in chapters II and III. 

However, the cohort study sought to follow the cognitive evolution of persons with AD, and 
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associations between sleep, biomarkers, and cognition in healthy older adults have been 

explored extensively7,51,173.  Longitudinal studies with persons with AD also carry unique 

challenges and expenses and can be difficult to conduct, potentially limiting their size and 

scope. Future prospective cohort studies with persons with AD could address this through 

multicentre collaborations and sharing of resources. They may also be able to harness 

innovative clinical trials methods such as use of historical (existing) data previously collected 

in cohorts of healthy older adults to serve as a data-based control group. These have been 

explored extensively in pharmaceutical trials, observational studies in medicine, and in real-

world evidence studies in healthcare574–577.  The benefits and limitations of these methods 

are beyond the scope of this thesis, but they offer intriguing possibilities to expand on the 

data and knowledge gained in studies such as ours574–577.  

 

Another strength is that we followed gold-standard recommendations for the conduct of 

systematic reviews and meta-analyses from the Cochrane Collaboration in chapters IV-V. We 

also avoided commonly reported limitations in these reviews, including publication bias, by 

not limiting our literature searches by date of publication or language. Indeed, we found and 

reviewed a large number of studies in several languages and settings which had not been 

previously meta-analysed, to the best of our knowledge. We also used advanced statistical 

methods such as meta-regression to further investigate associations between age, exercise 

intervention characteristics, and risk of bias on sleep outcomes54,212,359.Our meta-analyses are 

also among the first to report prediction intervals, in addition to confidence intervals, in 

studies of intervention for sleep in older adults, allowing us to explore the potential for harm 

or clinical benefit in future studies of exercise interventions targeting sleep in older adults.473  
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The greater body of evidence for exercise interventions in older adults has limitations that 

our analyses could not overcome, however. The reporting of intervention details in clinical 

trials of complex interventions like exercise, is often poor, despite the availability of a number 

of checklists and reporting guidelines such as the Template for Intervention Description and 

Replication (TIDieR578), or Consensus on Exercise Reporting Template (CERT579) that were 

developed to improve the reporting and reproducibility of exercise interventions in clinical 

trial publications580–583. This makes it difficult to assess the effects of potential moderators of 

sleep outcomes after exercise interventions, such as the time of day participants exercise, 

use of equipment or instructor guidance, cointerventions, characteristics of control 

interventions, or the influence of other exercise program characteristics580. These are 

limitations shared by all meta-analyses of exercise interventions, however, as they rely on the 

description of the interventions in trial publications and reported data for meta-analysis. 

 

The other benefits associated with exercise, including improved  depression, mood, agitation, 

and cognition, might also influence the effects of exercise on sleep we found in our meta-

analyses227,230,231,281,329–332. There are bidirectional relationships between mood, depression, 

agitation, cognition, and sleep584–587. The effects of exercise on these have also been 

investigated extensively previously in older adults and persons with AD, with moderate-to-

high quality evidence supporting the effectiveness of exercise for improving them in older 

adults and persons with AD588–591.  These relationships cannot be explored through meta-

analysis alone, but provide important avenues for future research into the interactions 

between exercise, mental health, and sleep in older adults and AD. 

 

Opportunities for future research arising from this thesis  
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A number of opportunities for future research arise from this thesis. For example, future 

research can build on the results of chapters II and III and investigate the predictive 

associations of spindles and SO with AD biomarkers or risk of accelerated disease progression 

in persons in the prodromal stages of AD. This research could also further establish whether 

spindle and SO activity or the biomarkers of neuroinflammation and neurodegeneration (NfL, 

YKL-40, NG-36) we investigated can act as biomarkers of susceptibility to neurodegeneration 

in cognitively unimpaired persons at higher risk of AD due to increased amyloid or APOE4 or 

those in prodromal AD111,117,120,325.   As that there are currently few disease-modifying 

treatments for AD, it is increasingly important to idenÄfy persons for treatment before their 

disease burden is too high174.  

 

The associaÄons between sleep microarchitecture and other biomarkers associated with 

sleep and brain-health can also yield important insights and therapeuÄc targets for poor 

sleep and cogniÄve decline in AD or other neurodegeneraÄve disorders. For example, 

Orexin-A is a key sleep-wake cycle regulator. Cerebrospinal fluid orexin levels are higher in 

MCI and AD and associated with sleep deterioraÄon, increasing risk of cogniÄve decline AD 

progression315,592–594. Dual orexin receptor antagonists (DORA) improve sleep in insomnia and 

AD may reduce tau and Aβ deposiÄon in older adults182,592–595.  

 

However, liçle research has invesÄgated associaÄons between DORA, sleep 

microarchitecture, cogniÄon, or mental health in AD596. InvesÄgaÄng these might also yield 

insights into sleep microarchitecture features that predict response to treatment or 

vulnerabiliÄes associated with poor response to treatment of insomnia with DORA in AD. 

Dang-Vu et al. (2017) previously showed that lower spindle density at pre-treatment 
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predicted lower response to treatment with CBTi at 12 months in persons with insomnia597. 

The associaÄons between sleep spindles, SO, orexin, cogniÄon and mental health are 

currently being invesÄgated by this author in the next stage of the program of research in 

chapters II and III of this thesis. 

 

Sex-based differences in sleep microarchitecture in AD are also an area in need of further 

research. An intriguing finding in chapters II and III was the sex-based differences in spindle 

and SO characterisÄcs in our sample of persons with AD. Females had staÄsÄcally significantly 

higher spindle density, parÄcularly in fast spindles (>12 Hz), higher spindle power, and higher 

median peak spindle frequency (11.24hz) than males. Previous research in healthy middle 

aged and older adults has found higher fast-spindle density and greater power in the high-

frequency porÄon of the sigma band (13–15 Hz) in healthy older females than males148. Sex-

based differences in spindle and SO acÄvity have not been invesÄgated extensively in AD, 

however.  

 

 Previous research has also found that males experience greater disrupÄon in NREM sleep 

than females, with males over 70 years of age experiencing up to 50% greater reducÄon in 

slow wave sleep316,317. Females also report beçer sleep duraÄon, efficiency, and quality than 

males304. This could lead to greater alteraÄons in spindle acÄvity in males than females. 

Indeed, we found that males in our sample had staÄsÄcally longer NREM1 sleep duraÄon and 

shorter NREM3 sleep duraÄon than females.  

 

It is also interesÄng that there were no staÄsÄcally significant differences between males and 

females in other variables that could affect spindle acÄvity, such as NREM2 sleep duraÄon, 
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total sleep Äme, AHI, amyloid posiÄvity, CSF Aβ42 or tau, or baseline cogniÄon. The reasons 

for the differences in spindle acÄvity we found between males and females are likely complex 

and cannot easily be addressed within our data. They may be related to sex-based 

differences in the development and progression of AD and its effect on sleep physiology, but 

these have been under-invesÄgated in AD318. Similarly, sex-based differences were 

underexplored and underreported in the studies of exercise intervenÄons and sleep in 

chapters IV and V, creaÄng a gap in our understanding of the influence of biological sex on 

the effects of exercise on sleep in older adults.   

 

AddiÄonally, the effects of exercise on either sleep or exercise on cognition have been 

studied extensively. However, the effects of exercise on both sleep and cognition in older 

adults with or without insomnia has not been investigated. Exercise and sleep can influence 

cognition through independent mechanisms,598 but recent research has shown that exercise 

and sleep may also act synergistically to benefit cognition and memory.222,234,235 Evidence for 

such an interplay is lacking in older adults however, especially in those with insomnia.  

 

Future research may investigate the combined effects of exercise and sleep on cognition in 

older adults with insomnia and the neurophysiological (sleep architecture) and biological 

(biomarker) mechanisms through which exercise affects sleep and cognition in older adults. 

Understanding these mechanisms is vital for designing effective treatments to reduce the risk 

of cognitive decline in older adults.240 It  will also provide new insights into the mechanisms 

by which healthy lifestyle factors such as exercise and sleep influence cognition, aiding the 

development of accessible approaches to promote cognition and brain health in older adults. 
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Finally, future research may also invesÄgate the effecÄveness of exercise as an adjunct 

intervenÄon to complement CBTi in the treatment of insomnia in older adults. Treating 

insomnia may constitute a preventive approach for preserving brain health in older 

adults.177,599 Cognitive behavioural therapy for insomnia is the first-line treatment for 

insomnia, but typically achieves success in only two-thirds of participants200,202,344. It is 

particularly effective for improving subjective, rather than objective (sleep architecture) sleep 

outcomes201.  This has important implications, given the findings of our thesis (chapters II and 

III).  

 

However, our meta-analyses show that exercise targets sleep physiology including slow-wave 

activity, creating opportunities to complement CBTi with exercise to boost its effects and 

achieve wider efficacy212–218. Exercise has also improves cognition in older adults, including 

those with AD588,589,591. It has also been shown to decrease levels of biomarkers and cytokines 

associated with poor sleep, inflammation, and cognitive decline, including Aβ, and increase 

those linked to sleep, cognition and brain health246–252. This creates intriguing opportunities 

to investigate the combined effects of exercise and CBTi, or indeed exercise and other 

treatments for poor sleep, in the context of preserving or improving cognition and brain-

health in older adults. 

 

Conclusions 

In summary, the body of work contained in this thesis met its goals of adding new knowledge 

and addressing evidence gaps for the relationships between sleep microarchitecture, 

cognition, and brain health in older adults. It found important and previously unreported 
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associations, and both mediating and moderating relationships, between sleep spindles, slow 

oscillations, and biomarkers of neurodegeneration and neuroinflammation in mild-to-

moderate AD.  It also showed that sleep spindles and slow oscillations can predict cognition 

and mental health longitudinally in AD, highlighting the importance of sleep for both 

cognition and brain health and raising new questions about the role of sleep physiology in the 

progression of neurodegenerative disorders of ageing. It extends previous evidence showing 

that sleep may be one of the most important modifiable risk factors for functional and 

cognitive decline and dementia in older adults6,77. 

 

This thesis sheds light on sleep microarchitecture as  potential and novel therapeutic targets 

for delaying or slowing AD progression. It also showed that exercise can be an effective 

intervention to improve sleep in older adults, including those with MCI or AD, targeting 

aspects of sleep associated with cognitive decline, dementia, and AD. These findings can 

serve as a springboard for future research on sleep-based strategies to preserve brain health 

in older adults and delay the progression of AD symptoms, with considerable potential 

benefits for persons with AD, their caregivers, and communities9,163,176.   
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Appendices 

Appendix I: Supplementary materials for chapter II 

“Sleep spindles and slow oscillations predict cognition and biomarkers of neurodegeneration 
in mild to moderate Alzheimer’s Disease.” 

 

 

 

Spindle duration predicts ADAS-cog scores 

 

 
ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale  MMSE: Mini-mental State Examination 

Supplementary material Figure S1: Spindle duration at baseline predicts cognitive 
performance on the ADAS-cog and MMSE (margins plot) 
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MMSE: Mini-mental State Examination 

Supplementary material Figure S2: Slow oscillation duration predicts MMSE at 24 
and 36 months (margins plot) 
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Following page:  

Supplemental table S1: Spindles, SO, biomarkers 
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 ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale  MMSE: Mini-mental State Examination, NREM: Non-rapid eye movement 
sleep,  SP: spindles, SO: slow oscillations, ptp: peak to peak 
 

Supplementary table 2: Spindles, SO, ADAS-cog 

  



 
  

 255 
 

 
ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale  MMSE: Mini-mental State Examination, SP: spindles, SO: slow 
oscillations, NREM: non-rapid eye movement sleep 

Supplementary table S3: Spindles, SO, MMSE  
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ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale CVLT: California Verbal Learning Test,  MMSE: Mini-mental State 
Examination, NREM: Non-rapid eye movement sleep,  SP: spindles, SO: slow oscillations, ptp: peak to peak 
Supplementary table S4: Spindles, SO, CVLT-ROCF Cognition 

 
 



 
  

 257 
 

 

 

Supplementary Table S5 : Characteristics of participants with Aβ42<600 pg/ml at baseline 

Amyloid + (<600 pg/ml) only n=19 (51.3%) n=18(48.7%) n=37 0.84 
age 75.6 ±5.74 73.3 ±5.4 74.5±5.6 0.22 
bmi 27.4 ±3.9 28.2 ±4.8 27.8 ±4.3 0.58 
depression 5 (26.3%) 9 (50%) 14 (37%) 0.14 
diabetes 4 (21%) 2 (11%) 6 (16 %) 0.42 
education (≥ high school) 4 (21.1%) 3 (16.7%) 7 (19%) 0.73 
     0: no formal education 2 (10.5%) 2 (11.1%) 4 (10.8%)  
     1. Primary school 13 (68.4%) 13 (72.2%) 26 (70.3%)  
     2. High school 3 (15.79%) 2 (11.1%) 5 (13.5%)  
     3. University 1 (5.3%) 1 (5.6%) 2 (5.4%)  
Apnoea hypoxia index (n/hrTST) 39.58 ±20.24 33.07 ±24.39 36.42 ±24.4 0.38 
AD Drugs 18 (95%) 16 (89%) 34 (92%) 0.51 
     none 1 (5.3%) 2 (11.1%) 3(8.1%)  
     Rivastigmina 5 (26.3%) 5 (27.8) 10 (27%)  
     Donepezil 13 (68.4%) 8 (44.4%) 21 (56.8%)  
     Memantine 0 3 (6.7%) 3 (8.1%)   
Lab values-biomarkers (pg/ml)     
Aβ42, pg/ml 450.53 ±88.0 460.22 ±84.07 455.24 ±85.05 0.73 
CSF p-tau pg/ml 71.53 ±35.24 4.21 ±27.98 77.87 ±32.0 0.24 
plasma tau, pgml 2.21 ±1.0  2.89 ±,93 2.55 ±1.01 0.05 
CSF total tau, pg/ml 483.0 ±332.12 594.67 ±249.71 537.33 ±296.31 0.26 
CSF p-tau/ Aβ42 ratio pg/ml 0.16 ±0.075 0.189 ±0.072 0.174 ±0.74 0.25 
CSF total-tau/ Aβ42 ratio pg/ml 1.09 ± 0.75 1.34 ± 0.63 1.21 ± 0.70 0.29 
Cognition, mental health     
ADAS-cog total score 30 (25-33) 29.5 (25-35) 30 (25-34) 0.49 
ADAS-cog delayed memory  30 (25-33) 29.5 (25-35) 30 (25-34) 0.42 
Cornell Scale (CSDD) 7.4 ±6.3 7.6 ±5.4 7.46 ±5.8 0.88 
MMSE 23.2 ±2.5  22.6 ±2.4 22.9 ±2.4 0.49  
By amyloid status at baseline <600 pg/ml (n 23)  >600 pg/ml (n 37) p value  
Age 75.09 (4.04) 74.51 (5.63) 0.67  
Female 12 (52.2%) 18 (48.6%) 0.79  
BMI 28.32 (5.98) 27.81 (4.32) 0.70  
Smoking history     
     0. never 18 (78.3%) 29 (78.4%) 0.94  
     1. current 1 (4.3%) 1 (2.7%)   
     2. former (>6 mths ago)  4 (17.4%) 7 (18.9%)   
 OSA diagnosis  15 (78.9%) 32 (100.0%) 0.009  
 Apnoea hypoxia index (n/hrTST) 32.6 (16.4-56.3) 23.4 (11.2-47.3) 0.17  
     0-4.9 0 3 (13%)   
     5-14.99  7 (18.9%) 4 (17.4%)   
     15-29.99 11 (29.7%) 8 (34.8%)   
     ≥ 30 19 (51.4%) 8 (34.8%)   
Cognition, mental health     
ADAS-cog total score 27.43 (5.64) 30.36 (8.25) 0.16  
ADAS-cog  delayed memory  7 (6-8) 7(6-7) 0.15  
Cornell Scale (CSDD) 7 (2-11) 7 (3-14) 0.96  
MMSE baseline  23.65 (2.29) 22.49 (3.77) 0.19  
NPI 9.10 (16.14) 10.75 (13.12) 0.68  
Lab values-biomarkers (pg/ml)     
Aβ42, pg/ml 737.27 (145.44) 455.24 (85.05) <0.001  
CSF p-tau pg/ml 76.23 (30.90) 88.82 (73.70) 0.53  
plasma tau, pgml 2.52 (1.29) 2.55 (1.01) 0.92  
CSF total tau, pg/ml 558.07 (264.23) 537.33 (296.31) 0.82  
CSF p-tau/ Aβ42 ratio pg/ml 0.17 ± 0.74 0.11 ± 0.52 0.72  
CSF total-tau/ Aβ42 ratio pg/ml 1.21 ± 0.70 0.80 ± 0.70 0.04  
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 Amyloid at baseline 
 <600 (SD) >600 (SD) Test (p) 
 N=23  N=37  
TST (min) 244.80 (78.78) 270.11 (95.88) 0.293 
SE (%) 58.22 (18.91) 65.08 (22.85) 0.240 
WASO (min) 129.18 (59.79) 108.59 (77.73) 0.299 
SOL (min) 44.09 (44.48) 36.66 (52.12) 0.573 
NREM 1 (min) 65.91 (33.89) 51.45 (31.33) 0.097 
NREM2 (min) 97.38 (39.04) 110.40 (68.80) 0.412 
NREM3 (min) 52.04 (40.48) 73.04 (50.09) 0.096 
N2+N3 dur (min) 149.43 (61.58) 183.44 (97.06) 0.139 
N2N3/TST (%) 60 % (16) 64 % (20) 0.423 
REM (min) 29.47 (24.15) 34.53 (31.73) 0.515 
REM_latency  151.04 (94.44) 182.10 (93.12) 0.255 
N1 % 29.67 (18.62) 24.00 (20.04) 0.279 
N2 % 39.65 (11.78) 38.66 (15.35) 0.793 
N3 % 19.97 (13.20) 25.09 (15.06) 0.185 
REM % 10.73 (7.22) 12.24 (10.41) 0.545 
N1 latency (min) 44.09 (44.48) 37.71 (51.57) 0.626 
N2 latency (min) 49.48 (43.68) 47.55 (60.71) 0.895 
N3 latency (min) 83.91 (65.36) 77.33 (72.37) 0.724 
REM latency (min) 142.07 (97.58) 166.93 (102.63) 0.381 
AHI (#/hr TST) 29.94 (24.67) 36.42 (22.29) 0.304 

TST: total sleep time, SE: sleep efficiency, WASO: wake after sleep onset, SOL: sleep onset latency,  NREM: non-rapid eye movement sleep 
REM: rapid-eye movement sleep, AHI: apnoea-hypopnea index 

 
Supplementary Table S6: Sleep architecture by amyloid status  

 

There were no statistically significant differences in total sleep time, sleep efficiency, or sleep 

macro-architecture between persons with amyloid < than 600 pg/ml (AB+)  or > 600 pg/ml 

(AB-) (table 3) .  
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Sleep Spindles  Males (30) Females (30) All p 
NREM2     
SP density  0.4 ±0.3 0.7 ±0.3 0.6 ±0.3 0.002 
SP duration  1 (1-1) 1 (1-1) 1 (1-1) 0.62 
SP power  257 (151-312) 272 (221-408) 265 (188-381) 0.63 
NREM3     
SP density  0 (0-1) 1 (0-1) 0 (0-1) 0.006 
SP duration  1 0.7 ±0.1 1 0.7 ±0.1 1 0.7 ±0.1 0.29 
SP power  223 (143-328) 315 (199-386) 243 (179-349) 0.26 
Slow Oscillations     
NREM2     
SO density  2.6 ±1.0 2.6 ±0.8 2.6 ±0.9 0.87 
SO duration  1 (1-2) 1 (1-1) 1 (1-2) 0.16 
SO ptp amplitude  104 (79-137) 114 (76-164) 107 (77-145) 0.77 
NREM3     
SO density  3 (2-3) 3 (2-4) 3 (2-4) 0.36 
SO duration  2 (1-2) 2 (1-2) 2 (1-2) 0.62 
SO ptp amplitude  114.6 ±65.7 125.9 ±66.2 120.2 ±65.6 0.51 

NREM: non-rapid eye movement sleep REM: rapid-eye movement sleep. SP: spindles, SO: slow oscillations, ptp: peak to peak 

Supplementary Material Table S7: NREM2 and NREM2 microarchitecture, whole sample 

 

There were no statistically significant differences in SO between males and females, save for 

higher SO count in NREM among females than males. 
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amyloid + (<600pg/ml) 
 

Male (n=19) Female (n=18) Total (n=37) p  

Total sleep time- TST (min) 261.6 (172-328) 302.8 (258.5-359) 274.1 (218-343.5) 0.10 
Total time in bed (min) 405.2 ±35.9 424.2 ±26.6  414.41 ±32.7 0.08 
Sleep efficiency (%) 61.8 (50.6-80.3) 70.95 (59.4-82.6) 70.7 (53.9-80.8) 0.24 
Sleep onset latency (min) 17.6 (6-27.9) 23.7 (11.3-67.9) 20.3 (10.8-33) 0.57 
Wake after seep onset 
(min) 

146 (56.5- 193.3) 71.55 (39.8-100.7) 79.4 (52.1-161.5) 0.08 

NREM 1 (min) 31.1 (13.4-46.7) 12.45 (8.4-20.5) 17.6 (9.3-32) 0.06 
NREM2 (min) 97.7 ±74 123.8 ±62.1 110.40 ±68.80 0.14 
NREM3 (min) 53.82 ±49.8 93.3 ±42.9 73.04 ±50.09 0.003 
N2+N3min/TST (%) 55.5 ±21.6 72.2 ±14.8 63.1 % (20.23) 0.01 
REM (min) 30 (9-44) 25 (16.5-45.5) 28.5 (14.5-44) 0.95 
NREM1 (% of TST) 31.1 (13.4-46.7) 12.45 (8.4-20.5) 17.6 (9.3-32) 0.008 
NREM2 (% of TST) 37.06 ±17.04 40.34 ±17.04 38.66 ±15.35 0.52 
NREM3 (% of TST) 25.09 ±14.92 32.17 ±11.88 25.09 ±15.06 0.004 
REM (% of TST) 9 (3.3-17.3) 11.55 (5.4-14.1) 11.3 (5.4-16.2) 0.72 
Sleep spindle (SP)      
NREM2+NREM3     
SP density  0.442 ±0.28 0.595 ±0.252 0.517 ±0.274 0.09 
SP duration  0.697 ±0.758 0.7 ±0.048 0.699 ±0.063 0.88 
SP power  234.06 ±181.69 300.16 ±112.66 266.22 ±153.69 0.20 
      
NREM2     
SP density  0.454 ±0.288  0.626 ±0.233 0.538 ±0.276 0.06 
SP duration  0.7 (0.66-0.73) 0.71 (0.67-0.72) 0.071(0.66-0.72) 0.89 
SP power  196.39 (125.56-

269.88) 
279.64 (210.9-374) 241.91 ((161.68-

304.23) 
0.20 

Slow Oscillations (SO)     
NREM2+NREM3     
SO density  2.63 ±0.99 2.75 ±0.77 2.48 ±0.94 0.47 
SO duration  1.49 (1.46-1.55) 1.51 (1.47-1.53) 1.5 (1.46-1.54) 0.84 
SO ptp amplitude  117.473 ±46.7 111.79 ±47.99 114.68 ±46.74 0.72 
NREM3     
SO density  2.29 ±1.25 2.63 ±1.11 2.46 ±1.81 0.39 
SO duration  1.49 (1.46-1.55) 1.51 (1.5-1.53) 1.50 (1.46-1.54) 0.63 
SO ptp amplitude  106.44 ±66.87 116.11 ±62.88 111.14 ±64.24 0.65 

NREM: non-rapid eye movement sleep REM: rapid-eye movement sleep. SP: spindles, SO: slow oscillations, ptp: peak to peak 

Supplementary material Table S8. Sleep microarchitecture among persons with amyloid 
beta <600 pg/ml at baseline 
 

Amyloid-positive females spent more time in NREM3, both in minutes and as the percentage 

of their total sleep time (p= 0.003) and NREM2 and NREM3 as a percentage of total sleep 

time (p=0.006) than Aβ+ males, who spent less time in NREM3 and had statistically greater 

percentage of NREM1 sleep out of their total sleep time than females.  
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amyloid + (<600 pg/ml) n=19 n=18 total  p value 
Mini mental stage exam (MMSE)     
baseline 23.2 ±2.5  22.6 ±2.4 22.9 ±2.4 0.49 
12 months 22.9 ±2.7 21.2 ±3.4 22.1 ±3.1 0.01 
24 months 21.5 ±3.9 18.6±3.5 20.2 ±3.9 0.04 
36 months 20.6 ±4.3 17.7 ±4.4 19.3 ±4.5 0.22 
Change from base to 36 months -2.89 ± 3.26  -4.57 ±4.99 -3.63 ±4.1 0.43 
ADAS-cog     
total score 30 (25-33) 29.5 (25-35) 30 (25-34) 0.49 
total score 12m 30 (25-33) 29.5 (25-35) 30 (25-34) 0.42 
California Verbal Learning Test     
Short-term verbal memory, base -1.7 ± 0.82  -1.4 ± 1.7 -1.6 ± 1.3 0.59 
Short-term verbal memory 12m -1.7 ± 0.75  -1.9 ± 1.2 -1.8 ± 1 0.51 
Long term verbal memory  base -1.7 ±.0.89 -1.8 ±1.3 -1.8 ±1.1 0.68 
Long term verbal memory  12m -1.9 ±0.87 -2.4 ±1.5 -2.2 ±1.2 0.29 
Rey–Osterrieth     
Long-term visual memory, base 6 (4-9) 2 (2-6) 5 (2-7) 0.31 
long-term visual memory 12m  2 (5.5-8) 2 (2-6) 3 (2-7) 0.74 
Copy-recall, baseline 7.1 ±3.5 7 ±4.4 7 ±3.9 0.97 
Copy-recall 12m  6.6 ±2.8 5 ±2.4 5.8 ±2.7 0.08 

ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale,  
 

Supplementary material Table S9: Cognition among person with amyloid beta <600pg/ml at 
baseline 

 

Among amyloid-positive participants, females had a greater decline in cognitive performance 

on the MMSE at 36 months than males, though the difference was not statically significant.   
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Appendix II: Supplementary material for chapter III 

“Sleep microarchitecture predicts neurofilament-light, neuroinflammatory biomarkers, and 
cognition in Alzheimer’s Disease.” 

Following pages:  

 eTable 1: Sleep spindle and SO characteristics predict NfL, Ng-36, YKL-40 and ratios, adjusted 
for APOE4. 
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Spindles   NREM2          
 CSF-NfL coef SE P value 95%CI 

lower 
upper 

SP duration  -2751.72 677.2248 0.000* -4126.56 -1376.881 
SP density 325.1979 229.6481  0.165 -140.55 790.9459 
SP power -1.366974 .3132021 0.000* -2.002808 -.7311394 
Plasma NfL      

SP duration  37.88897 19.28434 0.057 -1.117282 76.89522 
SP density 1.481757 5.895541 0.803 -10.4431 13.40661 
SP power -.0131499 .0085059 0.130 -.0303547 .0040548 
NG-36      

SP duration  -406.3935 399.3046 0.315 -1215.462 402.6746 
SP density -41.72292 73.67342  0.575 -190.867 107.4211 
SP power -.0736801 .0884974 0.410 -.252993 .1056327 
CSF YKL-40      

SP duration  360.7332 366.0517 0.331 -381.654 1103.12 
SP density -27.3937 80.13521 0.734 -189.9154 135.128 
SP power -.3113961 .2574765 0.234 -.8335827 .2107905 
CSF NfL/AB42 

     

SP duration  -.3185097 3.206329 0.921 -6.834553 6.197534 
SP density .6406506 .6774285 0.351 -.7360498 2.017351 
SP power -.002985 .0008428 0.001* -.0046978 -.0012721 
CSF YKL-40/AB42            

SP duration  .5964513 .6620412 0.374 -.7475638 1.940466 
SP density -.1349536 .1956853 0.495 -.5322158 .2623086 
SP power -.0004418 .0001846 0.022 -.0008165 -.000067 

Slow oscillations   NREM3         
 CSF-NfL 

coef SE P value 95%CI 
lower 

upper 

SO duration  197.1932 250.0177 0.435 -309.8661 704.2526 
SO density 20.69929 94.50891 0.828 -170.9737 212.3722 
SO ptp amplitude -3.676372 2.783613 0.195 -9.321801 1.969057 
Plasma NfL      
SO duration  9.465808 4.654712 0.05 .0582845 18.87333 
SO density -11.5991 1.84226 0.000* -15.32244 -7.875752 
SO ptp amplitude .2187332 .0556139 0.000* .1063334 .3311331 
NG-36      
SO duration  -96.31514 64.25545 0.143 -226.6312 34.00095 
SO density 45.25346 24.28913 0.071 -4.007177 94.5141 
SO ptp amplitude -.6563659 .7153986 0.365 -2.107261 .7945296 
CSF YKL-40      
SO duration  -67.81596 70.0662 0.340 -209.9168 74.28487 
SO density 1.700496 26.74715 0.950 -52.54523 55.94622 
SO ptp amplitude -.1701593 .4548606 0.711 -1.092659 .7523408 
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CSF NfL/AB42      
SO duration  .2879918 .5106699 0.576 -.7487231 1.324707 
SO density -.1334058 .1954132 0.499 -.5301156 .263304 
SO ptp amplitude -.0034196 .0033172 0.310 -.0101539 .0033146 
CSF YKL-40/AB42            
SO duration  -.1420198 .1566861 0.371 -.4601094 .1760698 
SO density -.0591345 .0622957 0.349 -.1856016 .0673325 
SO ptp amplitude -.0001144 .0010297 0.912 -.0022048 .001976 

Aβ42: Beta-amyloid,  NfL: neurofilament light-chain, NG-36: neurogranin 36, YKL-40: Chitinase-3-like protein, SP: spindles, SO: slow 
oscillations, ptp: peak to peak, NREM: non-rapid eye movement sleep 
 

eTable 1: Sleep spindle and SO characteristics predict NfL, Ng-36, YKL-40 and ratios, adjusted 
for APOE4.  
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  coef SE P value 95%CI lower upper 

CSF-NfL      
Aβ42 -.1572719 .5098966 0.759 -1.188635 .8740914 
ptau181 .5941694 .9583706 0.539 -1.34277 2.531109 
total tau (tTau) .5789582 .2092487 0.009* .1560508 1.001866 
ptau181/Aβ42 .0001 .0000179 0.015* 9.25e-06 .0000817 
total tau/Aβ42  .0005189 .0001501 0.001* .0002152 .0008226 
CSF NG-36 .0909046 .0309828 0.006* .0282359 .1535732 
CSF YKL-40 .0133266 .0187613 0.482 -.0245914 .0512446 
YKL-40/Aβ42 .0000916 .0000914 0.322 -.0000933 .0002765 
plasma NfL      
Aβ42 -3.240285 1.590059 0.049 -6.462051 -.0185184 
ptau181 -.1350565 .2495413 0.592 -.6402264 .3701134 
total tau (tTau) -1.459514 2.289422 0.528 -6.094206 3.175178 
ptau181/Aβ42 .0018402 .0007566 0.020* .0003057 .0033747 
total tau/Aβ42  -.0030058 .0052577 0.571 -.0136496 .0076379 

Aβ42: Beta-amyloid,  NfL: neurofilament light-chain, NG-36: neurogranin 36, YKL-40: Chitinase-3-like protein, ptau181: phosphorylated tau 
181 

eTable 2: Associations between CSF and NfL and AD biomarkers 
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NfL/Aβ42 and ADAS-cog at 
baseline 

Est Se p 

Sobel -0.015 -2.01 0.04 

Aroian -0.015 -1.98 0.04 

Goodman -0.015 -2.04 0.04 

Proportion of total e_ect that is 
mediated 

0.57   

NfL/Aβ42 and MMSE at 12 
months 

Est Se p 

Sobel 0.005 0.002 0.02 

Aroian 0.005 0.002 0.02 

Goodman 0.005 0.002 0.02 

Proportion of total e_ect that is 
mediated 

0.28   

Aβ42: Beta-amyloid,  NfL: neurofilament light-chain, ADAS-cog: Alzheimer’s Disease Assessment Scale, cognition subscale, MMSE: Mini 
Mental State Examination 

eTable 3: Mediating roles for NfL/Aβ42 and YKL-40/ Aβ42 in the relaÄonship between sleep 
spindles and SO and cogniÄon in mild-to-moderate AD. 

 

 

  



 
  

 267 
 

NfL moderates relationship 
between sleep and: 

coef se p 95% CI lower upper 

ADAS-cog at baseline      
SO density  .0071457     .0022909  0.004 .0024995 .0117919 
SO peak to peak (ptp) .0001827 .0000772 0.023 .0000262 .0003392 
SO duration .0190373 .0061722 0.004 .0065194 .0315551 
ADAS-cog at 12 months      
Spindle power .00012 .00005 0.029 .00001 .000215 
SO peak-to-peak  .00022 .00009 0.019 .00004 .000394 
So density .0073946 .0031731 0.026 .0009462 .0138431 
MMSE at 12 months      
Spindle density -.0040758 .0018569 0.035 -.0078455 -.000306 
Spindle power -5.58e-06 2.48e-06 0.031 -.0000106 -5.56e-07 
MMSE at 24 months      
Spindle power -.0000267 .000012 0.035 -.0000513 -2.01e-06 
MMSE at 36 months -.1299747 .0279786 0.001 -.1932666 -.066683 
Spindle power .0002095 .0000896 0.048 2.79e-06 .0004162 
SO duration -.1299747 .0279786 0.001 -.1932666 -.066683 
SO ptp -.0002683 .0000724 0.005 -.000432 -.0001046 
Sleep moderates: NfL and:       
ADAS-cog baseline      
SO density .0071457 .0022909 0.004 .0024995 .0117919 
SO peak-to-peak .0001827 .0000772  0.023 .0000262 .0003392 
SO duration .0190373 .0061722 0.004 .0065194 .0315551 
ADAS-cog 12       
SO energy .0001136 .0000499 0.029 .0000123 .0002149 
SO density .0073946 .0031731  0.026 .0009462 .0138431 
MMSE 36 months      
SO ptp -.0002683 .0000724 0.005 -.000432 -.0001046 
NfL/Aβ42 moderates the 
relationship between: 

     

Sleep and ADAS-cog at baseline      
SO density 7.313159 1.914998  0.001 3.429363 11.19695 
SO duration 18.39841 5.403878  0.002 7.438841 29.35798 
Sleep and ADAS-cog at 12 
months 

     

SO density 8.961244 2.450947  0.001 3.985556 13.93693 
Sleep and MMSE 12      
Spindle power -.006312 .0023952 0.012 -.0111745 -.0014494 
Spindle duration -2.832905 11.78446 0.012 -26.78181 -0.811 
SO density -1.773641 .8623727 0.047 -3.524351 -.0229312 
SO ptp -.0430679 .0197839 0.036 -.0832314 -.0029044 
Sleep and MMSE 24      
Spindle power -.0094019 .0032132 0.007 -.0159837 -.00282 
Spindle duration -37.63196 14.59755 0.016 -67.58366 -7.68025 
Sleep moderates between 
NfL/Aβ42  and:      

ADAS-cog baseline      
SO density 7.313159 1.914998 0.001 3.429363 11.19695 
SO duration 18.39841 5.403878 0.002 7.438841 29.35798 
ADAS-cog 12m      
SO density 8.961244 2.450947  0.001 3.985556 13.93693 
Sleep moderates NfL/Aβ42 and 
MMSE 12m      

Spindle power -.006312 .0023952 0.012 -.0111745 -.001449 
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SO density -1.773641 .8623727 0.047 -3.524351 -.0229312 
SO ptp -.0430679 .0197839  0.036 -.0832314 -.0029044 
Sleep moderates NfL/Aβ42 and 
MMSE  24 months      

Spindle energy -.0093395 .0032909 0.009 -.0160918 -.002587 
Spindle duration -37.63196 14.59755 0.016 -67.58366 -7.68025 
YKL-40 moderates relationships 
between sleep and: 

coef se p 95% CI lower upper 

ADAS cog baseline .0001114 .0000506 0.034 8.88e-06 .0002139 
Spindle power      
MMSE baseline      
SO ptp -.0001588 .0000767 0.045 -.0003142 -3.54 
MMSE 12 months      
Spindle power -.0000576 .0000175 0.002 -.0000932 -.000022 
Spindle duration -.0957076 .0433282 0.034 -.1835813 -.007834 
MMSE 24 months      
Spindle power -.000103 .000027 0.001 -.0001584 -.0000476 
SO density -.0084627 .0038446  0.036 -.0163513 -.0005742 
SO duration .1750756 .0810666  0.040 .0084408 .3417104 
MMSE 36 months      
SO ptp .0006728 .0002323 0.016 .0001552 .0011903 
Sleep moderates between YKL-
40 and:      

ADAS-cog at baseline      
Spindle power .0001114 .0000506 0.034 8.88e-06 .0002139 
MMSE baseline      
SO ptp -.0001588 .0000767 0.045 -.0003142 -3.54 
MMSE 12 months      
Spindle power -.0000576 .0000175 0.002 -.0000932 -.0000221 
Spindle duration -.0957076 .0433282 0.034 -.1835813 -.0078339 
MMSE 24 months      
Spindle power -.0001028 .000028 0.001 -.0001604 -.0000453 
SO density -.0084627 .0038446  0.036 -.0163513 -.0005742 
SO duration .1750756 .0810666  0.040 .0084408 .3417104 
MMSE 36 months      
SO ptp .0006728 .0002323 0.016 .0001552 .0011903 
YKL40/Aβ42 moderates 
relationships between sleep and:      

ADAS-cog at baseline      
Spindle power .2145372 .101749 0.042 .0081806 .4208937 
SO density 6.999151 3.2174 0.036 .4800799 13.51822 
MMSE baseline      
SO ptp -.0811992 .0312728  0.013 -.1445077 -.0178906 
MMSE 12 months      
Spindle power -.0169746 .0076388 0.033 -.0324668 -.001483 
Spindle duration -57.90105 25.75665 0.031 -110.1898 -5.61227 
MMSE 24      
Spindle power -.0453988 .017199 0.014 -.080752 -.010046 
SO density -5.104402 1.622051  0.004 -8.432577 -1.77623 
MMSE 36      
Spindle duration 69.02925 30.70453 0.048 .6152951 137.4432 
SO ptp .2465102 .0931708 0.024 .0389127 .4541076 
Sleep moderates between YKL-
40/ Aβ42 and:      

ADAS-cog baseline      
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Spindle power .2145372 .101749 0.042 .0081806 .4208937 
SO density 6.999151 3.2174 0.036 .4800799 13.51822 
MMSE baseline      
SO ptp -.0811992 .0312728 0.013 -.1445077 -.017891 
MMSE 12 months      
Spindle power -.0169746 .0076388 0.033 -.0324668 -.0014825 
Spindle duration -57.90105 25.75665 0.031 -110.1898 -5.612269 
MMSE 24 months      
Spindle power -.0605478 .0135127 0.000 -.0883235 -.0327721 
MMSE 36 months      
Spindle duration 69.02925 30.70453 0.048 .6152951 137.4432 
Aβ42: Beta-amyloid,  NfL: neurofilament light-chain, NG-36: neurogranin 36, YKL-40: Chitinase-3-like protein, SP: spindles, SO: slow 
oscillations, ptp: peak to peak ADAS: Alzheimer’s Disease Assessment Scale, cognitive subscale CVLT: California Verbal Learning Test,  
MMSE: Mini-mental State Examination 
 
 

eTable 4: Moderating relationships: biomarkers, sleep, cognition 
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eFigure 1: STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) 
statement checklist  
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Appendix III: Supplementary material for chapter IV  

“Exercise interventions benefit sleep in older adults: A systematic review and meta-analysis.” 

 

Figure 1: Search strategies 

PubMed 

((((((((((("acute exercise"[Title/Abstract]) OR ("acute physical activity"[Title/Abstract])) OR 

(("physical activity"[Title/Abstract]) OR ("exercise"[Title/Abstract]))) OR 

("strengthening"[Title/Abstract])) OR ("strength training"[Title/Abstract] OR "strength 

program"[Title/Abstract] OR "interval training"[Title/Abstract]) OR 

"conditioning"[Title/Abstract] OR "aerobic"[Title/Abstract]) AND ("sleep"[Title/Abstract]) OR 

(sleep quality[Title/Abstract])) AND (("clinical trial"[Publication Type] OR ((clinicalstudy[Filter] 

OR clinicaltrial[Filter] OR clinicaltrialphasei[Filter] OR clinicaltrialphaseii[Filter] OR 

clinicaltrialphaseiii[Filter] OR clinicaltrialphaseiv[Filter] OR controlledclinicaltrial[Filter] OR 

meta-analysis[Filter] OR pragmaticclinicaltrial[Filter] OR randomizedcontrolledtrial[Filter] OR 

systematicreview[Filter]) "meta analysis"[Publication Type] OR "randomized controlled 

trial"[Publication Type] AND ("middle aged"[MeSH Terms] OR "aged"[MeSH Terms] OR 

"middle aged"[MeSH Terms] OR "aged"[MeSH Terms] OR "aged, 80 and over"[MeSH Terms])) 

NOT ("parkinson s"[Title/Abstract] AND ((clinicaltrial[Filter]) AND (aged[Filter] OR 

80andover[Filter]))) NOT ("diet"[All Fields] AND ((clinicaltrial[Filter] OR meta-analysis[Filter] 

OR randomizedcontrolledtrial[Filter] OR systematicreview[Filter]) AND 

(middleagedaged[Filter] OR middleaged[Filter] OR aged[Filter] OR 80andover[Filter]))) AND 

((clinicaltrial[Filter] OR meta-analysis[Filter] OR randomizedcontrolledtrial[Filter] OR 

systematicreview[Filter]) AND (middleagedaged[Filter] OR middleaged[Filter] OR aged[Filter] 

OR 80andover[Filter]))) NOT ("parkinsons"[All Fields] AND ((clinicaltrial[Filter] OR meta-

analysis[Filter] OR randomizedcontrolledtrial[Filter] OR systematicreview[Filter]) AND 

(middleagedaged[Filter] OR middleaged[Filter] OR aged[Filter] OR 80andover[Filter]))) AND 

((clinicaltrial[Filter] OR meta-analysis[Filter] OR randomizedcontrolledtrial[Filter] OR 

systematicreview[Filter]) AND (middleagedaged[Filter] OR middleaged[Filter] OR aged[Filter] 

OR 80andover[Filter]))) NOT ((("parkinson s"[Title/Abstract]) OR ("parkinsons 

disease"[Title/Abstract])) OR ("parkinson s disease"[Title/Abstract]) AND ((clinicaltrial[Filter] 
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OR meta-analysis[Filter] OR randomizedcontrolledtrial[Filter] OR systematicreview[Filter]) 

AND (middleagedaged[Filter]  

Pubmed: Search for un-indexed 

Search: (((((("exercise"[Title/Abstract]) OR ("physical activity"[Title/Abstract])) OR ("interval 

training"[Title/Abstract])) OR ("strengthening"[Title/Abstract])) OR 

("conditioning"[Title/Abstract])) OR ("aerobic"[Title/Abstract])) AND ("sleep"[Title/Abstract]) 

Filters: Clinical Study, Clinical Trial, Clinical Trial, Phase II, Clinical Trial, Phase III, Clinical Trial, 

Phase IV, Controlled Clinical Trial, Meta-Analysis, Pragmatic Clinical Trial, Preprint, 

Randomized Controlled Trial, Systematic Review, in the last 1 year 

 

Embase 

((sleep:ab,ti OR insomnia:ab,ti) AND exercise:ab,ti OR physical activity':ab,ti OR 'resistance 

training':ab,ti OR 'aerobic exercise':ab,ti OR exercise:ab,ti NOT 'obese patient':ti,ab,kw NOT 

'parkinson disease':ti,ab,kw NOT fibromyalgia:ti,ab,kw NOT cancer:ti,ab,kw NOT 

obese:ti,ab,kw NOT 'chronic obstructive lung disease':ti,ab,kw NOT 'heart disease':ti,ab,kw 

NOT ‘stroke’ ti,ab,kw NOT 'rheumatoid arthritis':ti,ab,kw NOT 'lupus erythematosus':ti,ab,kw) 

AND ([aged]/lim OR [middle aged]/lim OR [very elderly]/lim) AND ('clinical trial'/de OR 

'controlled clinical trial'/de OR 'controlled study'/de OR 'human'/de OR 'intervention 

study'/de OR 'meta analysis'/de OR 'pilot study'/de OR 'randomized controlled trial'/de OR 

'systematic review'/de)  

 

Scopus 

( ( TITLE-ABS-KEY ( sleep ) OR TITLE-ABS-KEY ( insomnia ) AND TITLE-ABS-KEY ( exercise ) OR 

TITLE-ABS-KEY ( "physical activity" ) AND NOT TITLE-ABS-KEY ( parkinson's ) AND NOT TITLE-

ABS-KEY ( diabetes ) AND NOT TITLE-ABS-KEY ( fibromyalgia ) ) ) AND ( older AND adults ) OR ( 

elderly ) OR ( senior ) AND ( LIMIT-TO ( EXACTKEYWORD , "Controlled Study" ) ) 

 

Cochrane Library 

(sleep):ti,ab,kw OR (insomnia):ti,ab,kw AND (exercise):ti,ab,kw OR (physical activity):ti,ab,kw 

AND (older adults):ti,ab,kw OR ("pensioner"):ti,ab,kw OR ("old age"):ti,ab,kw OR 

("elderly"):ti,ab,kw NOT (apnea) NOT ("fibromyalgia syndrome"):ti,ab,kw NOT 

("Cancer"):ti,ab,kw NOT ("Parkinsons disease"):ti,ab,kw NOT (stroke):ti,ab,kw 
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Exercise Intensity categories 

 

 

 

 

 

 

Table: 2  Exercise intensity categories according to ACSM guidelines 

 

 

 

  

Intensity HRmax HRR VO2max METs Borg RPE 

Low <64% <40% ≤ 45% <3 <11 Very light to light 
Moderate 64-76% 40-60% 46-63%  3-5.9 12–13 Fairly light to somewhat 

hard  
High (vigorous) ≥77% >60% 64-90 6.0-8.7 14–17 Somewhat hard to very 

hard  
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Table 1: Included interventional studies and their characteristics (pages 357-377) 
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Figure 2 : Effect of exercise on subjective sleep, baseline PSQI < 5 
 

 

 

Figure 3: PSQI scores >5 at baseline 
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Figure 4: PSQI, subgroup analysis by age (categorical) 
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Figure 5: Subgroup analysis, changes in PSQI by sex 
 

 
 
Figure 6 : Insomnia Severity Index 

 

 

 

 
Figure 7: Epworth Sleepiness Scale 
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Meta regression variable Coef. Std. Err. z p > [z] 95% CI 
age (categorical: 5-year 
increments) 

0.015 0.128 0.08 0.934 -0.342, 0.372 

exercise intensity (categorical: 
low, moderate, high) 

-0.471 0.420 -1.12 0.262 -1.295, 0.004 

exercise frequency -0.101 0.190 -0.53 0.597 -0.473, 0.272 
dose (hours) 0.003 0.002 1.24 0.216 -0.002, 0.008 
dose hours (categorical) 0.172 0.151 1.14 0.254 -0.124, 0.449 
duration- weeks (categorical)  0.913 0.269 22.36 0.018 0.155, 1.67 * 
risk of bias (low, mod, high) -0.425 0.351 -1.21 0/225 -1.112, 0.468 
age and dose hours  
age (categorical) 
dose hours (categorical) 

 
-0.004 
0.173 

 
0.190 
0.153 

 
-0.02 
1.13 

 
0.981 
0.257 

 
-0.377, 0.368 
-0.126, 0.472 

age, dose hours, risk of bias  
age 
dose hours (categorical) 
risk of bias (categorical) 

 
-0.495 
0.17 
-0.431 

 
0.195 
0.153 
0.358 

 
-0.25 
1.11 
-1.20 

 
0.799 
0.267 
0.228 

 
-0.421, 0.332 
-0.130, 0.471 
-1.131, 0.270 

duration, dose, age  
duration (categorical) 
dose (categorical) 
age (categorical) 

 
0.926 
-0.157 
-0.064 

 
0.423 
0.205 
0.180 

 
2.19 
-0.77 
-0.36 

 
0.029 
0.444 
0.721 

 
0.097, 1.755* 
-0.559, 0.245 
-0.417, 0.288 

duration, dose, age, risk bias 
duration (categorical) 
dose (categorical) 
age (categorical) 
risk of bias (categorical) 

 
1.052 
-0.208 
-0.130 
-0.576 

 
0.418 
0.201 
0.179 
0.327 

 
2.52 
-1.03 
-0.73 
-1.76 

 
0.012 
0.302 
0.468 
0.078. 

 
0.233, 1.870 * 
-0.603. 0.187 
-0.482, 0.222 
-1.216, 0.638 

* Statistically significant 

    

Table 2: Meta-regression, PSQI scores (continuous) by age (categorical), dose hours (total 

hours, categorical), duration (weeks, categorical), age (categorical, 5-year increments) and 

risk of bias (categorical: low, moderate, high) 
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Funnel plots: publication bias 
 
 
 
a. 
 

 
 
 
 
 
 
 
b.  

       
 
 
 



 
  

 301 
 

 
 

 
   
 
c.           
 
 
 

 
 
d. 

 
 
Figure 8:  Funnel plots a. PSQI all ROB all ex groups  b.PSQI low-mod ROB all ex groups c. 
Actigraphy, all exercise groups, d. PSG, all exercise groups 
  



 
  

 302 
 

 

 

 

 



 
  

 303 
 

 

 

PRISMA Checklist: Exercise interventions benefit sleep in older adults: A systematic review 
and meta-analysis. 
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Appendix  IV: Supplementary materials for chapter V 

“The effectiveness of exercise interventions targeting sleep in older adults with cognitive 
impairment or Alzheimer’s Disease and Related Dementias (AD/ADRD): A systematic review 
and meta-analysis.” 

 

Figure I. Search strategies 

 

Pubmed 1 
(((("dementia"[Title/Abstract] OR "cognitive impairment"[Title/Abstract] OR "mild cognitive 
impairment"[Title/Abstract] OR "alzheimer"[Title/Abstract]) OR “older adult” [Title/Abstract]) 
OR "elderly"[Title/Abstract]) OR "aged"[Title/Abstract]) OR "middle-aged"[Title/Abstract]) OR 
"senior"[Title/Abstract])  AND ("exercise"[Title/Abstract] OR "physical activity"[Title/Abstract] 
OR "interval training"[Title/Abstract] OR "aerobic"[Title/Abstract])) OR ("mind 
body"[Title/Abstract] OR "yoga"[Title/Abstract] OR "tai chi"[Title/Abstract] OR 
"baduanjin"[Title/Abstract])) OR ("strengthening"[Title/Abstract])) OR ("strength 
training"[Title/Abstract] OR "strength program"[Title/Abstract] OR "interval 
training"[Title/Abstract]) OR "conditioning"[Title/Abstract] AND ("sleep"[Title/Abstract] OR 
"sleep quality"[Title/Abstract]) OR ("sleep quantity "[Title/Abstract]) OR 
(insomnia[Title/Abstract]) OR (“sleep problems”[Title/Abstract]) OR (“sleep difficulties” 
[Title/Abstract]) 
 
Pubmed 2 
((((((((((("acute exercise"[Title/Abstract]) OR ("acute physical activity"[Title/Abstract])) OR 
(("physical activity"[Title/Abstract]) OR ("exercise"[Title/Abstract]))) OR 
("strengthening"[Title/Abstract])) OR ("strength training"[Title/Abstract] OR "strength 
program"[Title/Abstract] OR "interval training"[Title/Abstract]) OR 
"conditioning"[Title/Abstract] 
OR "aerobic"[Title/Abstract]) AND ("sleep"[Title/Abstract] OR "sleep quality"[Title/Abstract])) 
OR ("sleep quantity "[Title/Abstract]) OR (insomnia[Title/Abstract]) OR (“sleep 
problems”[Title/Abstract]) OR (“sleep difficulties” [Title/Abstract]) AND (("clinical 
trial"[Publication Type] OR ((clinicalstudy[Filter] OR clinicaltrial[Filter] OR 
clinicaltrialphasei[Filter] OR clinicaltrialphaseii[Filter] OR clinicaltrialphaseiii[Filter] OR 
clinicaltrialphaseiv[Filter] OR controlledclinicaltrial[Filter] OR meta-analysis[Filter] OR 
pragmaticclinicaltrial[Filter] OR randomizedcontrolledtrial[Filter] OR systematicreview[Filter]) 
"meta analysis"[Publication Type] OR "randomized controlled trial"[Publication Type] AND 
("middle aged"[MeSH Terms] OR "aged"[MeSH Terms] OR "middle aged"[MeSH Terms] OR 
"aged"[MeSH Terms] OR "aged, 80 and over"[MeSH Terms]) AND ((clinicaltrial[Filter]) AND 
(aged[Filter] OR 80andover[Filter]))) NOT ("diet"[All Fields] AND((clinicaltrial[Filter] OR meta-
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analysis[Filter] OR randomizedcontrolledtrial[Filter] OR systematicreview[Filter]) AND 
(middleagedaged[Filter] OR middleaged[Filter] OR aged[Filter] OR 80andover[Filter]))) AND 
((clinicaltrial[Filter] OR meta-analysis[Filter] OR randomizedcontrolledtrial[Filter] OR 
systematicreview[Filter]) AND (middleagedaged[Filter] OR middleaged[Filter] OR aged[Filter] 
OR 80andover[Filter]))) NOT ("parkinsons"[All Fields] AND ((clinicaltrial[Filter] OR meta-
analysis[Filter] OR randomizedcontrolledtrial[Filter] OR systematicreview[Filter]) AND 
(middleagedaged[Filter] OR middleaged[Filter] OR aged[Filter] OR 80andover[Filter]))) AND 
((clinicaltrial[Filter] OR meta-analysis[Filter] OR randomizedcontrolledtrial[Filter] OR 
systematicreview[Filter]) AND (middleagedaged[Filter] OR middleaged[Filter] OR aged[Filter] 
OR 80andover[Filter]))) NOT ((("parkinson s"[Title/Abstract]) OR ("parkinsons 
disease"[Title/Abstract])) OR ("parkinson s disease"[Title/Abstract]) AND ((clinicaltrial[Filter] 
OR meta-analysis[Filter] OR randomizedcontrolledtrial[Filter] OR systematicreview[Filter]) 
AND (middleagedaged[Filter] 
 
Pubmed 3: Search for un-indexed 
Search: (((((("exercise"[Title/Abstract]) OR ("physical activity"[Title/Abstract])) OR ("interval 
training"[Title/Abstract])) OR ("strengthening"[Title/Abstract])) OR 
("conditioning"[Title/Abstract])) OR ("aerobic"[Title/Abstract])) AND 
(((("dementia"[Title/Abstract] OR "cognitive impairment"[Title/Abstract] OR "mild cognitive 
impairment"[Title/Abstract] OR "alzheimer"[Title/Abstract]) OR “older adult” [Title/Abstract]) 
OR "elderly"[Title/Abstract]) OR "aged"[Title/Abstract]) OR "middle-aged"[Title/Abstract]) OR 
"senior"[Title/Abstract]) AND ("sleep"[Title/Abstract] OR "sleep quality"[Title/Abstract]) OR 
("sleep quantity "[Title/Abstract]) OR (insomnia[Title/Abstract]) OR (“sleep 
problems”[Title/Abstract]) OR (“sleep difficulties” [Title/Abstract]) 
Filters: in the last 1 year 
 
Embase 
((sleep:ab,ti OR insomnia:ab,ti) AND exercise:ab,ti OR physical activity':ab,ti OR 'resistance 
training':ab,ti OR 'aerobic exercise':ab,ti OR exercise:ab,ti NOT 'obese patient':ti,ab,kw NOT 
'parkinson disease':ti,ab,kw NOT fibromyalgia:ti,ab,kw NOT cancer:ti,ab,kw NOT 
obese:ti,ab,kw 
NOT 'chronic obstructive lung disease':ti,ab,kw NOT 'heart disease':ti,ab,kw NOT ‘stroke’ 
ti,ab,kw 
NOT 'rheumatoid arthritis':ti,ab,kw NOT 'lupus erythematosus':ti,ab,kw) AND ([aged]/lim OR 
[middle aged]/lim OR [very elderly]/lim) AND ('clinical trial'/de OR 'controlled clinical trial'/de 
OR 
'controlled study'/de OR 'human'/de OR 'intervention study'/de OR 'meta analysis'/de OR 
'pilot 
study'/de OR 'randomized controlled trial'/de OR 'systematic review'/de) 
 
Scopus 
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( ( TITLE-ABS-KEY ( sleep ) OR TITLE-ABS-KEY ( insomnia ) AND TITLE-ABS-KEY ( exercise ) OR 
TITLE-ABS-KEY ( "physical activity" ) AND NOT TITLE-ABS-KEY ( parkinson's ) AND NOT TITLE-
ABSKEY( diabetes ) AND NOT TITLE-ABS-KEY ( fibromyalgia ) ) ) AND ( older AND adults ) OR ( 
elderly) OR ( senior ) AND ( LIMIT-TO ( EXACTKEYWORD , "Controlled Study" ) ) 
 
 Cochrane Library 
(sleep):ti,ab,kw OR (insomnia):ti,ab,kw AND (exercise):ti,ab,kw OR (physical activity):ti,ab,kw 
AND (older adults):ti,ab,kw OR ("pensioner"):ti,ab,kw OR ("old age"):ti,ab,kw OR 
("elderly"):ti,ab,kw NOT (apnea) NOT ("fibromyalgia syndrome"):ti,ab,kw NOT 
("Cancer"):ti,ab,kw 
NOT ("Parkinsons disease"):ti,ab,kw NOT (stroke):ti,ab,kw 
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PRISMA Checklist: The effectiveness of exercise interventions targeting sleep in older adults 
with cognitive impairment or Alzheimer’s Disease and Related Dementias (AD/ADRD): A 
systematic review and meta-analysis. 


